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Abstract
In the context of climate change, rivers and estuaries have been increasingly studied in
terms of carbon and nutrient cycling. A special focus of recent research has been the
greenhouse gas (GHG) production in and emission from these aquatic systems. Global
estimates of riverine and estuarine evasion of GHGs usually suffer from a poor data
coverage in the tropics. Southeast Asia, in particular, is considered a hotspot in the
global carbon cycle, but very few data exist on aquatic GHG emissions in this region.
Southeast Asian rivers export large amounts of organic carbon to the ocean, due to both
high rates of runoff and the presence of tropical peatlands. These carbon-rich soils are
an important source of carbon to rivers, but the fate of this material remained unknown.
This study investigated the relevance of rivers and estuaries in western Sarawak,
Malaysia, as sources of GHGs to the atmosphere. It presents the first combined as-
sessment of both the lateral carbon transport and carbon dioxide (CO2) outgassing
from a tropical peat-draining river, the Maludam river. Its catchment is entirely covered
by protected peat swamp forest, offering a unique setting for a baseline study. Further-
more, simultaneous measurements of dissolved CO2, methane (CH4), carbon monoxide
(CO) and nitrous oxide (N2O) were performed in the estuaries of the adjacent Lupar
and Saribas rivers using Fourier Transform Infrared (FTIR) spectrometry.
Despite its high organic carbon concentrations, the Maludam river was actually a
comparatively moderate source of CO2 to the atmosphere. Only 26 ± 15 % of the
carbon was evaded to the atmosphere as CO2, and the rest was transported downstream.
Probably, the rapid transit of the water does not allow sufficient time for organic carbon
to be fully remineralized, so that a large fraction is conveyed to the estuary. This could
be true for most peat-draining rivers in Southeast Asia, as most peatlands are located
close to the coast.
In the estuaries, the residence time is prolonged, and strong tides promote oxygen sup-
ply. Therefore, aerobic respiration of organic matter is pronounced, as the observations
in the Lupar and Saribas estuaries suggest. Additionally, the observed diurnal variabil-
ity of CO concentrations implies that photochemistry plays a role for the breakdown of
organic matter as well. In conclusion, not rivers but estuaries seem to be hotspots of
aquatic CO2 emissions in western Sarawak: The Lupar and Saribas estuaries accounted
for 80 % of the total aquatic CO2 emissions in their catchments.
Although the remineralization of organic matter and anthropogenic inputs led to en-
hanced nutrient levels in these estuaries, this slight eutrophication did not cause en-
hanced N2O. Unexpectedly, input of CH4 by peat-draining tributaries was not observed
either. CH4 dynamics were rather driven by tides, and CH4 concentrations were quite
moderate. As a consequence, N2O and CH4 emissions from the Lupar and Saribas
xiii
xiv Abstract
estuaries were relatively moderate as well.
As Southeast Asia is undergoing rapid anthropogenic change, a main question this
PhD thesis leads up to is how GHG dynamics are going to change under anthropogenic
pressure. The first step to answering this question is to quantify how the carbon export
from peatlands changes upon disturbance. Although some comparative studies have
provided preliminary answers, the combined response of the riverine carbon export to a
set of stressors (climate change, land use change) can only be answered on a large scale
by numerical models. Recently, researchers have begun to integrate riverine carbon
fluxes into global biosphere models. In this study, measured data from one Indonesian
and one Malaysian river was compared to simulations obtained using a preliminary
representation of riverine carbon fluxes in the global land surface model ORCHIDEE. It
was shown that riverine carbon concentrations can be reasonably simulated. However,
it is suggested that model performance could be substantially improved in the future by
developing a proper representation for peat.
Zusammenfassung
Vor dem Hintergrund des Klimawandels werden Kohlenstoff- und Nährstoffkreisläufe
in Flüssen und Ästuaren (Flussmündungen) zunehmend untersucht. Im Fokus jün-
gerer Forschung steht die Produktion von Treibhausgasen (THGs) und deren Emission
aus solchen aquatischen Systemen. Globale Abschätzungen der THG-Emissionen aus
Flüssen und Ästuaren kranken an einer schlechten Datenlage in den Tropen. Speziell
in Südostasien besteht ein Missverhältnis zwischen der vermuteten Bedeutung dieser
Region für den Kohlenstoffkreislauf und der Zahl verfügbarer Messungen aquatischer
THG-Emissionen. Südostasien gilt als Hotspot des Kohlenstoffexports durch Flüsse,
sowohl wegen hoher Abflussraten, als auch wegen des Vorhandenseins tropischer Torfe.
Diese stark kohlenstoffhaltigen Böden sind eine wichtige Kohlenstoffquelle für Flüsse.
Über den Verbleib dieses zumeist organischen Kohlenstoffs ist allerdings kaum etwas
bekannt.
Diese Doktorarbeit untersucht die Bedeutung von Flüssen und Ästuaren in West-
Sarawak, Malaysia, als Quellen von THGs. Sie legt die ersten Daten vor, die gleich-
zeitig sowohl den lateralen Kohlenstofftransport als auch Kohlenstoffdioxidemissionen
von einem tropischen torfentwässernden Fluss, dem Maludam-Fluss, dokumentieren.
Das Einzugsgebiet dieses Flusses erstreckt sich über ein geschütztes Torfwald-Gebiet,
was eine einzigartige Umgebung für eine Basisstudie ist. Außerdem wurden gelöstes
CO2, Methan (CH4), Kohlenstoffmonoxid (CO) und Distickstoffoxid (N2O) in den an-
grenzenden Ästuaren der Flüsse Lupar und Saribas mit Fouriertransformations-Infrarot
(FTIR)-Spektrometrie simultan gemessen.
Trotz hoher Konzentrationen organischen Kohlenstoffs stellte sich der torfentwässernde
Maludam-Fluss als vergleichsweise moderate Quelle von CO2 heraus. Nur 26 ± 15 % des
Kohlenstoffs entwich in die Atmosphäre, während der größere Teil flussabwärts trans-
portiert wurde. Dies ist wahrscheinlich dem kurzen Verbleib des Wassers im Fluss
geschuldet, sodass nicht genug Zeit bleibt, um den organischen Kohlenstoff vollständig
zu remineralisieren. Daher erreicht ein großer Teil das Ästuar unverändert. Dies könnte
bei den meisten torfentwässernden Flüssen in Südostasien der Fall sein, da die meisten
Torfgebiete sehr nahe an der Küste liegen.
In den Ästuaren ist die Aufenthaltszeit organischen Materials länger, und starke
Gezeiten begünstigen die Sauerstoffzufuhr. Deswegen ist die aerobe Respiration von
organischem Material dort stärker ausgeprägt, wie die Daten aus den Ästuaren von
Lupar und Saribas zeigen. Zusätzlich kann man aus dem beobachteten Tagesgang der
CO-Konzentrationen ableiten, dass auch Photochemie eine Rolle spielt. Folglich sind
nicht Flüsse, sonden Ästuare Hotspots aquatischer CO2-Emissionen in West-Sarawak.
In meinem Untersuchungsgebiet entfielen auf die Ästuare etwa 80 % der gesamten aqua-
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tischen CO2-Emissionen.
Obwohl die Remineralisierung organischen Materials und anthropogene Einleitungen
zu einem erhöhten Nährstoffniveau in den Ästuaren führten, verursachte dies keine er-
höhten N2O-Werte. Überraschenderweise bewirkte der Zufluss von torfentwässernden
Flüssen auch keine Zunahme von CH4. Die CH4-Dynamik schien eher durch die Gezeiten
kontrolliert zu werden, und die CH4-Konzentrationen waren nur mäßig hoch. In der
Konsequenz waren sowohl die N2O- als auch die CH4-Emissionen aus den Ästuaren von
Lupar und Saribas recht moderat.
Da sich in Südostasien ein schneller anthropogener Wandel vollzieht, ist eine der
Hauptfragen, auf die diese Doktorarbeit hinausläuft, wie sich die THG-Dynamik in
aquatischen Systemen unter anthropogenem Druck ändern wird. Der erste Schritt
zur Beantwortung dieser Frage ist, zu überprüfen, wie sich dadurch der Kohlenstoff-
export aus Torfgebieten verändert. Obwohl einige Vergleichsstudien bereits vorläufige
Antworten bereithalten, bedarf es numerischer Modelle, um die Reaktion des Kohlen-
stofftransports in Flüssen auf die Kombination verschiedener Stressoren (Klimawandel,
Landnutzung) auf größeren Skalen vorherzusagen. Wissenschaftler haben begonnen,
Kohlenstoffflüsse in Fließgewässern in globale Biosphärenmodelle zu integrieren. In
dieser Arbeit wurden Simulationen des ORCHIDEE Biosphärenmodells mit einer vorläu-
figen Repräsentation organischer Kohlenstoffflüsse verglichen mit gemessenen Daten aus
Indonesien und Malaysia. Dabei hat sich gezeigt, dass die Kohlenstoffkonzentration in
den Flüssen relativ realistisch simuliert wird. Allerdings müsste eine passende Repräsen-
tation tropischen Torfs entwickelt werden, um die Modellergebnisse zu verbessern.
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1. General Introduction
1.1. The role of rivers and estuaries in the global
carbon cycle
In the context of climate change, inland waters have been increasingly studied in terms
of carbon and nutrient cycling. Rivers, in particular, had been mainly regarded for a
long time as passive conduits, which transport carbon and other nutrients from the land
to the ocean. Although some studies had already shown that rivers can act as strong
sources of carbon dioxide (CO2) to the atmosphere [Park et al., 1969, Neal et al., 1998,
Richey et al., 2002], the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) in 2007 did not consider outgassing from rivers, but treated
them as passive "pipes" which convey 0.8 gigatons carbon (GtC) per year to the ocean
[Denman et al., 2007]. What was retrospectively termed the "neutral pipe hypothesis"
[Cole et al., 2007] suggested that nothing happened to this carbon on its way from the
land to the ocean.
More recent research has falsified this hypothesis [Cole et al., 2007]. It turned out
that most inland waters, among them rivers and streams, but also lakes and reservoirs,
contribute both to carbon storage, e.g. in river and lake sediments, and to its transfor-
mation and ultimate release to the atmosphere [Cole et al., 2007, Tranvik et al., 2009,
Aufdenkampe et al., 2011]. This means that rivers must receive more carbon from the
biosphere than previously assumed. Tranvik et al. [2009] estimated that inland waters
receive 2.9 GtC yr−1 from the land, 1.4 GtC of which are emitted to the atmosphere
as CO2 and methane (CH4), both of which are important greenhouse gases (GHGs).
This concept was taken over by the IPCC into the Fifth Assessment Report [Ciais et al.,
2013], which was the first Assessment Report to consider vertical fluxes from inland
waters. Since then, they have been recognized as an integral part of the global carbon
cycle, which represents an important paradigm shift [Lauerwald et al., 2015]. Several
recent studies attempted to estimate the total CO2 and CH4 emissions from inland wa-
ters and estuaries. The most recent estimates for CO2 emissions from rivers alone were
0.7 GtC yr−1 [Lauerwald et al., 2015] and 1.8 GtC yr−1 [Raymond et al., 2013]. Another
0.3 GtCO2-C yr−1 were said to be emitted from lakes [Raymond et al., 2013], and global
freshwater CH4 emissions account for 77 MtC yr−1 [Bastviken et al., 2011], which corre-
sponds to 31 % of the anthropogenic sources of CH4 [Ciais et al., 2013]. Note that CH4
has a global warming potential 28 times that of CO2 on a 100 year time horizon [Myhre
et al., 2013]. Estuaries were estimated to release 0.15 GtC yr−1 as CO2 [Laruelle et al.,
2013] and 2-5 MtC yr−1 as CH4 [Borges and Abril, 2011]. Altogether, 1.1-2.3 GtC yr−1
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are emitted from the surfaces of rivers, lakes and estuaries, which is of the order of the
ocean carbon sink [2.05 GtC yr−1, Regnier et al., 2013].
These figures seem to have changed since pre-industrial times. Regnier et al. [2013]
suggested that carbon is increasingly lost from soils due to agriculture and transported
laterally through the aquatic continuum. They estimated that as a result, both carbon
burial and the CO2 flux from inland waters to the atmosphere have increased due to
anthropogenic perturbation. Furthermore, they suggested that the amount of carbon
that is exported to estuaries has slightly increased [Regnier et al., 2013].
1.2. Carbon species in water
In aquatic systems, carbon is found both in inorganic and organic forms. Dissolved inor-
ganic carbon (DIC) includes aqueous CO2, carbonic acid (H2CO3), bicarbonate (HCO−3 )
and carbonate (CO2−3 ). Commonly, aqueous CO2 and H2CO3 are summarized as dis-
solved CO2. These species are related through the following equilibria [Zeebe and Wolf-
Gladrow, 2001, Ch. 1]:
CO2 +H2O ⇌ HCO−3 +H+ ⇌ CO2−3 + 2H+ (1.1)
The relative contribution of these species to the total DIC depends on salinity, tempera-
ture, pressure and pH [Zeebe and Wolf-Gladrow, 2001]. In rivers, DIC is mainly derived
from groundwater input, soil and in-stream respiration (see Section 1.3) and chemical
weathering [Prairie and Cole, 2010].
The organic carbon fraction is mainly derived from terrestrial soil and vegetation
material [Prairie and Cole, 2010] and from in-situ biological production [Hope et al.,
1994]. The larger part of the organic carbon transported by rivers is dissolved organic
carbon (DOC) [Meybeck, 1982], whereas the distinction between DOC and particulate
organic carbon (POC) is somewhat arbitrary, as DOC is referred to what passes through
a filter of 0.45 µm pore size.
Obviously, this entire carbon pool in aquatic systems is highly dynamic. Transitions
occur between the particulate and the dissolved phase, e.g., due to flocculation and
adsorption (DOC→ POC) or decomposition (POC→ DOC), and between inorganic and
organic forms of carbon. For example, inorganic carbon is used for primary production
by phytoplankton (autotrophy):
106CO2 + 122H2O + 16HNO3 +H3PO4 → (CH2O)106(NH3)16H3PO4 + 138O2 (1.2)
Note that this reaction represents the formation of marine phytoplanktonic organic mat-
ter (OM) [Libes, 1992, Ch. 8], which has an atomic ratio of 106C:16N:1P (Redfield ra-
tio). Conversely, OM can be respired (heterotrophy), which contributes to the inorganic
carbon pool.
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The heterotrophic respiration of OM in rivers and their estuaries can be achieved through
different pathways [Prairie and Cole, 2010]. Decomposition of OM is a redox process,
so when OM is oxidized, the partner reagent is reduced - or in other words, an electron
acceptor is required. The preferred electron acceptor is oxygen. The corresponding
reaction, which yields CO2, is called aerobic heterotrophic respiration.
However, when oxygen is scarce (suboxia) or even absent (anoxia), OM decomposition
relies on alternate electron acceptors, such as nitrate, sulfate, iron or manganese [Prairie
and Cole, 2010]. The pathway relying on nitrate is called denitrification and yields the
GHGs nitrous oxide (N2O) and CO2. In the absence of other electron acceptors, the
carbon substrate can also be split by methanogenic bacteria into CH4 and CO2.
Ultimately, it was shown that OM can be altered or even fully remineralized through
photochemical reactions. These reactions are initiated by the absorption of ultraviolet
(UV) light by colored (or chromophoric) dissolved organic matter (CDOM) and yield
carbon monoxide (CO) and CO2 [Vähätalo, 2010]. These processes are highly relevant
for the removal of terrestrial OM in the ocean [Miller and Zepp, 1995], in estuaries [Ohta
et al., 2000], lakes [Koehler et al., 2014] and rivers [Lapierre et al., 2013].
Because of these various and intense degradation processes, rivers and their estuaries
are often supersaturated with one or several trace gases with respect to the atmosphere
[Regnier et al., 2013]. The four gases that were investigated in the present study - CO2,
CH4, N2O and CO - are important GHGs. Thus, understanding their origin and fate in
rivers and estuaries is relevant for our understanding of both carbon and nutrient cycles
and climate change.
The supersaturation of rivers and estuaries with these trace gases was documented for
CO2 [e.g., Hope et al., 2001, Butman and Raymond, 2011, Bouillon et al., 2012, Striegl
et al., 2012, Crawford et al., 2013], CH4 [e.g., Devol et al., 1990, Hope et al., 2001, Striegl
et al., 2012, Crawford et al., 2013, Sawakuchi et al., 2014], N2O [e.g., Cole and Caraco,
2001, Kroeze et al., 2005, Baulch et al., 2011, Yan et al., 2012] and CO [Valentine and
Zepp, 1993, Ohta et al., 2000].
Of course, there are also a number of consumption processes in aquatic systems. For
example, de Angelis and Scranton [1993] showed that oxidation removed up to 70 % of
the CH4 produced in the Hudson river, United States. CO2 is consumed by autotrophs,
CO is oxidized to CO2 and N2O is reduced to N2 gas during denitrification. Another
important loss term, and the one this work is concerned with, is the ventilation of GHGs
to the atmosphere.
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1.4. Water-air gas exchange
Turbulence and molecular diffusion are the main processes governing exchange between
a water body and the overlying air, whereas the turbulent transport usually dominates
[Jähne et al., 1987b]. Due to turbulence, a non-stratified system can be assumed to
be well-mixed. However, turbulence decreases towards the surface, where molecular
processes dominate [Jähne et al., 1987b]. Water bodies thus exhibit a boundary layer at
their surface, where diffusion is more important than turbulence1. The boundary layer
thus retards the exchange between the two media [Aeschbach-Hertig, 2005, Ch. 6]. It is
further assumed that the top of the boundary layer is in equilibrium with the overlying
air, so a concentration gradient exists. According to Fick’s law of diffusion, this gradient
initiates a flux F (in mol m−2 s−1):
F = k(Cw − αCa), (1.3)
whereas Cw is the gas concentration in water (mol m−3), Ca is the gas concentration
in air (mol m−3), k is the gas exchange velocity (m s−1), and α is the dimensionless
Ostwald solubility coefficient [Wanninkhof et al., 2009]. According to Henry’s law, the
concentration of a gas in water is proportional to its partial pressure, so that Eq. 1.3
can be re-written as
F = kK0(pw − pa), (1.4)
whereas pw and pa are the partial pressures of the gas in the water and in the overlying
air (Pa), respectively, and K0 is the aqueous-phase solubility (mol m−3 Pa−1).
Estimates of GHG emissions from aquatic systems often rely on this model [e.g., Auf-
denkampe et al., 2011, Raymond et al., 2013]. While it is relatively straightforward
to measure gas concentrations in water and air (Chapter 3), the determination of the
gas exchange velocity is very challenging. The experimental determination of the gas
exchange velocity usually relies on gas tracer studies [e.g., Wanninkhof et al., 1985,
Watson et al., 1991], eddy covariance [Huotari et al., 2013] or floating chamber measure-
ments [Matthews et al., 2003, Teodoru et al., 2015, see also Chapter 3]. In addition,
in a large number of studies, empirical relationships were derived that relate k to the
main environmental drivers of turbulence at the water-air interface, such as wind speed
[Wanninkhof, 1992, Liss and Merlivat, 1986], current velocity [Alin et al., 2011], river
discharge, depth and slope [Raymond et al., 2012]. The lack of an accepted standard
method to determine k and its high spatiotemporal variability are currently major un-
certainties in global assessments of the emissions from rivers and estuaries [Raymond
and Cole, 2001, Lauerwald et al., 2015].
1This boundary layer exists in the air, too, but it can be shown that water-air gas exchange is dominated
by the aqueous-side boundary layer [Aeschbach-Hertig, 2005]. This was spared for brevity.
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2.1. Motivation
Rivers in southern Asia and Oceania (including Indonesia) account for a third of the
global total organic carbon export [Seitzinger et al., 2005]. This can be attributed
to high rates of runoff [Seitzinger et al., 2005] and to very high DOC concentrations.
To the best of my knowledge, the highest DOC concentrations worldwide have been
reported from Indonesian rivers [Alkhatib et al., 2007, Moore et al., 2011, 2013], all of
which drained tropical peatlands. Peat consists of layers of dead organic material that is
neither fully decomposed nor moved from the spot of its formation [Parish et al., 2008]
due to permanent waterlogging, low pH and scarcity of oxygen. Peat soils have among
the highest carbon density of all terrestrial ecosystems [Page et al., 2011b]. They are
widespread in Southeast Asia, storing 68.5 GtC, corresponding to 11-14 % of the global
peat carbon [Page et al., 2011b]. They have accumulated woody plant debris [Posa et al.,
2011] for 4000 to 8500 years [Dommain et al., 2011], which makes them a net carbon sink.
Southeast Asian peatlands are predominantly dome-shaped and ombrotrophic - that is,
they are entirely rainwater-fed, i.e. the water sustaining the waterlogged conditions is
derived from precipitation and has not been in contact with the mineral soil.
Rivers draining these peatlands receive large amounts of terrestrial organic carbon.
Baum et al. [2007] estimated that because of this, Indonesian rivers alone account for
10 % of the global DOC export. Often, peat-draining rivers exhibit a dark water color,
due to large amounts of dissolved OM (Fig. 2.1b, Baum [2008]). Nutrient availability in
these so-called blackwater streams is usually low [Kselik and Liong, 2004, Gasim et al.,
2007, Irvine et al., 2013, Baum and Rixen, 2014], reflecting the conditions in the peat
soil. OM decomposition consumes oxygen, which is why oxygen concentrations are low
and hypoxic events can occur [Rixen et al., 2008].
Currently, Southeast Asian peat soils are under high anthropogenic pressure. Peat
swamp forests (PSF, Fig. 2.1a) are increasingly deforested, drained and converted into
industrial plantations like timber or oil palm. For Southeast Asia, the palm oil industry
represents an important and promising market. Nowadays, Indonesia and Malaysia alone
account for 90 % of the global palm oil export trade [Sarmidi et al., 2009]. In 2010, 20 %
of the peatlands in Malaysia and Indonesia were covered by industrial plantations, 68 %
of which were oil palm [Miettinen et al., 2012]. Another threat to the tropical PSF in
Indonesia and Malaysia is commercial logging. It was estimated that of the historical
PSF area in Southeast Asia, only 37 % has remained [Posa et al., 2011].
Deforestation and drainage disturb the hydrological balance of the peat dome, increase
the likelihood of fire [Posa et al., 2011, van der Werf et al., 2004, Gaveau et al., 2014]
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(a) (b)
Figure 2.1.: Malaysian peat swamp forest (a) and a classical blackwater river (b) flowing
through the Maludam national park.
and allow for aerobic decomposition of the upper peat layers. This, in turn, is associated
with the release of CO2 to the atmosphere [Hooijer et al., 2010, Couwenberg et al., 2010].
The peat soil then changes from a net carbon sink to a net source [Page et al., 2011a].
To date, Southeast Asia already accounts for half of the global GHG emissions from
peatlands [Joosten et al., 2012].
Peat-draining rivers, too, reflect the vulnerability of PSF to anthropogenic change.
Due to vegetation loss, evapotranspiration is reduced [Hirano et al., 2014] and locally,
more water may run off with discharge [Aragão, 2012]. Therefore, the organic carbon
export increases [Moore et al., 2013]. Additionally, Moore et al. [2013] and Evans et al.
[2014] showed that the riverine organic carbon exported from disturbed peatlands is
older than the one derived from undisturbed sites. While DOC stems from recently
fixed vegetation in pristine systems, it comes from deep within the peat column at
disturbed sites [Moore et al., 2013]. These authors speculated that the increasing export
of organic carbon by peat-draining rivers might lead to increasing CO2 emissions from
these systems. However, no measurements had been performed to test this hypothesis,
and baseline data from Southeast Asian rivers are lacking in general. CO2 fluxes (and
also other GHG fluxes) from tropical peat-draining rivers could indeed be high, because
of the high DOC concentrations. However, to the best of my knowledge, no data were
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published prior to the article (Chapter 4) contained in this PhD thesis (Table 2.1).
Location Measured parameters Reference
DOC DO14C POC PO13C CO2 DI13C
Dumai, ID X - X X - - Alkhatib et al. [2007]
Siak, ID X - X X - - Baum et al. [2007],
Baum [2008]
Sebangau, ID X X X - - - Moore et al. [2011,
2013]
Maludam, MY X X X X X X This study
Table 2.1.: Published studies on carbon in Southeast Asian peat-draining rivers.
2.2. Aim and objectives
This research aims at understanding the role of aquatic systems in Southeast Asia as
sources of GHGs to the atmosphere. The study addresses the following objectives:
• Quantification of the release of CO2 from an undisturbed Southeast Asian peat-
draining river by measuring both lateral and vertical carbon export in a baseline
study
• Contribution of CO2, CH4, CO and N2O data from an undersampled region
• Identification of relevant processes of carbon transformation in Malaysian rivers
and estuaries by construing simultaneous measurements of GHGs, organic carbon,
and a set of water chemistry parameters
These objectives were addressed during field surveys in Sarawak, Malaysia.
2.3. Study area
Sarawak is Malaysia’s largest state and located on the island of Borneo (Fig. 2.2a),
which is politically divided between Brunei, Indonesia and Malaysia. Sarawak holds the
largest share of Malaysia’s peatlands, with 14659 km2 or 12 % of the state’s area [Chai,
2005]. Sarawak’s peatlands are located at the coast and have grown on marine clay and
mangrove deposits since the Middle and Late Holocene [Dommain et al., 2011].
Deforestation of PSF in Sarawak has recently accelerated, mainly due to the establish-
ment of oil palm plantations [SarVision, 2011]. Evaluations of satellite data indicated
that oil palm plantations extend over more than 40 % of the total peatland area in
Sarawak [SarVision, 2011, Miettinen et al., 2012, Fig. 2.2b].
Sarawak’s climate is tropical with high rainfall throughout the year. Precipitation
patterns are largely influenced by the Asian monsoon. Sarawak experiences relatively
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drier weather during the southwest monsoon from May to September and heavy rain-
fall during the northeast monsoon from November until March, which can cause severe
floods [Malaysian Meteorological Department, 2013a]. The interannual variation of pre-
cipitation is related to El Niño events, causing below average amounts of rainfall during
both the southwest and the northeast monsoon [Malaysian Meteorological Department,
2013b].
Rivers in this region are characterized by relatively small seasonal variation of dis-
charge and high turbidity [Meybeck, 2009]. Sarawak has 22 major river basins [Depart-
ment of Irrigation & Drainage Sarawak, 2013]. The biggest one is that of the Rajang
river with approximately 50000 km2. The two major rivers that were investigated in
this PhD thesis (Chapters 5 and 6) are the Lupar and Saribas rivers, which have catch-
ment sizes of 6558 km2 and 1943 km2 [Lehner et al., 2006]. They are located in western
Sarawak and enclose a peninsula with protected PSF, the Maludam peat dome, which
is described in detail in Chapter 4. This peat dome is drained by a number of smaller
channels, which flow into the Lupar and Saribas river, respectively, and by the Maludam
river, which runs through the center of the peat dome and is in the focus of Chapter 4.
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Figure 2.2.: Map of Malaysia (a) and the state of Sarawak (b), showing the location
of tropical peat soils [Nachtergaele et al., 2009] and industrial plantations
[Center for International Forestry Research (CIFOR), 2014].

3. Methods
This chapter describes the methods used to determine GHG concentrations in water and
their fluxes to the atmosphere and gives a brief overview of ancillary parameters that are
required to understand the production and consumption processes governing the GHG
dynamics in aquatic systems.
3.1. Measurements of dissolved trace gases using
Infrared spectroscopy
3.1.1. Infrared gas analyzers used in this study
The ability of molecules to absorb and emit photons is the key feature spectroscopy
makes use of. The energy supplied by the photon causes energy transitions in the
molecule, whereas infrared spectroscopy is concerned with rotational-vibrational tran-
sitions. Whenever charge is not equally distributed in a molecule, that is, when a
permanent or induced dipole moment exists, the molecule can interact with electromag-
netic radiation [Günzler and Gremlich, 2003, Ch. 2]. According to quantum mechanics,
only photons with the required discrete energies will be absorbed. Therefore, for cer-
tain molecules, absorbance is observed at certain wavelengths. The knowledge of these
wavelengths allows for the identification of the molecule. The absorbance A permits
the determination of its concentration according to the Lambert-Beer law, which states
that the attenuation of light of a certain wavelength is related to the decadic absorption
coefficient a, the optical path b and the concentration c [Günzler and Gremlich, 2003,
Ch. 7]:
A = −log(I/I0) = a · b · c, (3.1)
whereas I0 and I are the intensity of the incoming and outgoing radiation, respectively.
Infrared spectroscopy is concerned with absorptions at wavelengths between 0.78 and
1000 µm [Günzler and Gremlich, 2003, Ch. 1]. It is customary to express these wave-
lengths as wavenumbers, whereas
ν =
1
λ
(3.2)
Thus, infrared spectroscopy focuses on radiation between 10 to 12800 cm−1. GHGs
absorb radiation in this range.
In this study, two infared analyzers were used (Fig. 3.1). One is based on non-
dispersive infrared (NDIR) spectroscopy, the other one on Fourier Transform Infrared
(FTIR) spectroscopy. Both instruments are briefly described in the following.
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Figure 3.1.: The Li-820 NDIR gas analyzer (a) and the UoW FTIR spectrometer (b).
Main parts are pointed out by the arrows.
NDIR CO2 analyzer
In this work, an NDIR CO2 analyzer (Li-820) was used (Fig. 3.1a). In this instrument,
sample air is continuously pumped through a 14 cm cuvette. Polychromatic light passes
through the cuvette and then through two narrow band optical fiters, whereas one cor-
responds to the CO2 absorption band at 2349 cm−1, and the other serves as a reference
channel [LICOR, 2002]. In the former channel, absorption is mainly due to CO2. The
reference channel has a wavelength at which no CO2 absorption occurs, but infrared ab-
sorption of other gases, like H2O. The transmitted energy is detected by a pyroelectric
detector and converted to a CO2 mole fraction. A thermostat maintains the operating
temperature in the optical bench.
Before entering the cuvette, the sample air is dried using a Nafion dryer and/or a
cartridge filled with magnesium perchlorate (Mg(ClO4)2) in order to reduce H2O ab-
sorptions. Calibration is achieved by the measurement of standard gases with a known
concentration of CO2.
UoW in-situ FTIR trace gas analyzer
The University of Wollongong (UoW) FTIR trace gas analyzer (shown in Fig. 3.1b) mea-
sures absorptions in the mid-infrared in the spectral region between 1800 to 5000 cm−1
at 1 cm−1 resolution [Hammer et al., 2013]. Several trace gases absorb radiation in this
region. Specifically, the concentrations of CO2, CH4, N2O, CO and δ 13C in CO2 can be
retrieved from the spectrum.
Polychromatic light from a globar source is passed through an interferometer (Bruker
IRCube). There, the entering beam is directed onto two seperate paths by a CaF2
beamsplitter [Griffith et al., 2012], one leading to a fixed and one to a moveable mirror,
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respectively. When recombined, the two beams interfere. The interference pattern
depends on the optical path difference (OPD) and the wavelength.
The modulated light passes through a White cell containing the sample air. The
White cell has a volume of 3.5 L and a folded path of 24 m [Griffith et al., 2012]. The
light is then directed onto a Mercury Cadmium Telluride (MCT) detector. It registers
the light intensity as a function of the OPD (interferogram) [Günzler and Gremlich,
2003]. By Fourier transformation, the spectrum, i.e. the intensity as a function of
the wavenumber, is obtained. In this spectrum, the molecules can be identified and
the gas mole fractions are determined iteratively starting from an initial assumption
of the gas mole fractions, the knowledge of the sample temperature, pressure and the
spectral line parameters [Griffith, 2011], which, in turn, are available from the HITRAN
database [Rothman et al., 2005]. The spectrum fit is performed using the software
MALT5 [Griffith, 1996]. Typically, three spectral regions are used for the retrieval of
the greenhouse gases under investigation: (1) 2150-2310 cm−1 for CO2 isotopologues, CO
and N2O, (2) 3001-3150 cm−1 for CH4 and (3) 3520-3775 cm−1 for the CO2 isotopologues
[Griffith et al., 2012].
The retrieved gas mole fractions depend on the sample temperature and pressure and
on the mole fractions of other gases, mainly H2O. This is termed residual cross-sensitivity
and corrected with empirically determined factors [Hammer et al., 2013]. Calibration to
a reference scale is achieved by measuring standard gases of known composition.
3.1.2. Equilibration devices used in this study
The two analyzers described above are gas analyzers. In order to measure gases dissolved
in water, an equilibrium between water and air must be established. In this study, two
such methods were used: headspace equilibration and a Weiss equilibrator.
Headspace measurements
One possibility to bring a certain amount of sample water to equilibrium with a certain
amount of air is headspace equilibration in a closed container. To help make that happen,
the container is usually shaken [Cole et al., 1994, Abril et al., 2015]. In this study, a
slightly modified method was used: the headspace air from the container was sampled
with the Li-820 CO2 analyzer and pumped back into the water, which forced the air
to bubble through the water, accelerating the equilibration process (see Chapter 4).
Once water and headspace are in equilibrium, the initial partial pressure of the gas
can be calculated according to Dickson et al. [2007, SOP4]. Note that in the special
case of CO2, which dissociates in water, the manipulation of the sample by changing
the concentration of CO2 must be considered [Dickson et al., 2007]. When CO2 is lost
from the water, escaping into the headspace, the pH increases. This is rarely considered
in the literature but can make quite a difference when the final CO2 concentration
is determined. Therefore, ideally, pH in the sample water must be measured before
and after the equilibration. Simplifications can be made in acidic water (Chapter 4).
Headspace measurements are suitable for remote areas, where continuous measurements
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can be difficult due to the lack of a power supply system. This method was used in the
Maludam national park (Chapter 4).
Equilibrator measurements
The concept of the Weiss equilibrator described in the following is slightly different from
the headspace equilibration described above, as equilibrium is established with a contin-
uous stream of water instead of a discrete sample [Dickson et al., 2007, SOP5]. A Weiss
equilibrator consists of a chamber which contains air at atmospheric pressure. Surface
water is pumped to the top of the equilibrator, which contains a showerhead, forcing
the water to rain through the chamber. The many droplets together provide a large
surface area that allows for rapid gas exchange between the water and the headspace
air [Dickson et al., 2007, SOP5]. The water is released through a gravity drain [Dickson
et al., 2007, SOP5], whereas the equilibrator is equipped with an air lock, so that water
can flow out without air being exchanged [Johnson, 1999]. In order to maintain atmo-
spheric pressure in the headspace, the equilibrator is equipped with long vent tubes, so
that small pressure fluctuations will be compensated by air moving back and forth in
the vent tube, but not by ambient air being sucked in from outside [Dickson et al., 2007,
SOP5].
The gas partial pressure is determined by connecting a gas analyzer to the equilibrator
in a closed loop. Air is drawn from the equilibrator headspace and pumped back into the
central compartment of the equilibrator headspace. In this study, the UoW FTIR trace
gas analyzer was connected to the equilibrator. This was a new approach, motivated by
the opportunity to measure four different trace gases simultaneously in surface water.
An advantage of using the FTIR trace gas analyzer is its accuracy and precision over
a wide range of concentrations, which can be encountered in waters. The instruments
were installed on a fishing boat, whereas a submersible pump ensured a water flow of
approximately 10-20 L min−1 through the equilibrator. The Li-820 was alternately con-
nected to an atmospheric inlet at the ship bow and to a floating chamber (Section 3.2).
The setup on the boat is shown in Fig. 3.2. The FTIR setup is not trivial and many
consumables are needed. For example, at present state, the FTIR requires a slow purge
of nitrogen gas in order to remove trace gases from the spectrometer volume. This could
be technically solved by using dried ambient air for the purge, whereas chemicals could
be used to remove CO2 and CO. Additionally, the high humidity in the equilibrator
represents a challenge for spectroscopic measurements, as high H2O concentrations lead
to strong infrared absorptions and can obscure other absorption lines, making it more
difficult to accurately retrieve the concentrations of other trace gases. Apart from dis-
turbing the spectroscopic measurement, the high humidity in the equilibrator can lead
to the condensation of water drops in the lines. This is to be avoided. To this end,
a moisture trap was installed in front of the instrument inlet, which was a simple air
filter cooled down using ice water. This way, water vapor in the lines was brought to
condensation and retained by the filter.
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water pump equilibrator inside: FTIR inlet for Li-820floating 
chamber
Figure 3.2.: Setup of a Weiss equilibrator with the UoW FTIR analyzer, complemented
by atmospheric and floating chamber measurements with a Li-820 on the
boat "SeaWonder", which was used for the campaigns on Malaysian estuar-
ies.
Due to the imperfection of the air lock and a potentially small exchange through the
vent tubes, a small disequilibrium may remain in the equilibrator, which affects some
gas species more severely than others [Johnson, 1999]. Similarly, the time to achieve
equilibrium is different for different gases. While the time constant that describes the
exponential convergency to steady state is only 6 min for CO2 and N2O, it is 158 min and
216 min for CH4 and CO, respectively [Johnson, 1999]. This implies that in continuous
measurements, short-term fluctuations in CH4 and CO cannot be resolved.
3.2. Greenhouse gas flux measurements using a
floating chamber
Floating chambers are deployed onto the water surface, where they seal a certain volume
of air against exchange with the ambient air. The only changes of the gas concentrations
16 3. Methods
in the chamber will thus come from exchange with the water surface. In case of a positive
flux from the water to the air, the gas concentration, e.g., of CO2, will increase in the
chamber over time until the chamber air is saturated and in equilibrium with the water
surface. In the beginning, the increase of the gas concentration in the chamber can be
approximated by a linear curve. Later, when the gas concentrations in the chamber
approach equilibrium, the flux will decrease. Frankignoulle [1988] suggested to stop the
measurement when the change over time becomes nonlinear. The flux can be calculated
from the slope of the linear fit (∆c/∆t in µmol mol−1 s−1):
F =
∆c
∆t
pV
ART
, (3.3)
where V is the volume of the chamber (m3), A is the surface area the chamber encloses
with the water (m2), p is the pressure in the chamber (Pa), R is the universal gas constant
(m3 Pa K−1 mol−1) and T is the absolute air temperature (K). Note that atmospheric
pressure and temperature should be maintained in the chamber.
The accuracy of floating chamber measurements has been subject to quite some de-
bate. Frankignoulle [1988] noted that by shielding the water surface from wind, floating
chambers eliminate a major environmental driver of turbulence and thus underestimate
the flux. On the other hand, it has been suggested that floating chambers create artifi-
cial turbulence, leading to an overestimation of the flux [Matthews et al., 2003, Vachon
et al., 2010]. These points must be taken into account for the design of a floating
chamber. In this study, an upside-down flower pot with a volume of 8.7 L was used
(Chapters 4 and 5, shown in Fig. 3.2), which was relatively light and is not thought to
lead to major disruptions on the water surface. Additionally, the studied systems were
either quite sheltered from wind already (Chapter 4), or the turbulence was caused by
currents rather than by wind (Chapter 5), so the performance of the floating chamber
should have been sufficient.
3.3. Ancillary parameters and their measurement
principles
The sample collection and preservation is detailed in Chapters 4 to 6. Here, the mea-
surement principles for the main ancillary parameters are briefly described.
Total organic carbon and total nitrogen
Total organic carbon (TOC) and total nitrogen (TN) consist of a dissolved and a par-
ticulate fraction. Samples for DOC and total dissolved nitrogen (TDN) are filtered
and acidified with either concentrated hydrochloric acid (HCl) or 21 % phosphoric acid
(H3PO4). Acidification to pH<2 converts all inorganic carbon species to CO2, so that
inorganic carbon can be completely removed by purging the sample with a carrier gas
(synthetic air or pure oxygen (O2) gas) [Dickson et al., 2007, SOP7]. The sample is
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then combusted at 680-720◦C using platinum-coated alumina beads as catalyst [Cauwet,
1999]. The resultant gases, CO2 and NO, are measured with an NDIR gas analyzer and
a chemoluminescent detector, respectively [Cauwet, 1999].
Samples for POC and particulate nitrogen (PN) are collected on pre-weighed and pre-
combusted glass fiber filters. The net sample weight is determined. A specified amount
of the sample is filled into a silver cup and inorganic carbon is removed by addition of
1 N HCl. The samples are then dried at 40◦C. Each sample is catalytically combusted
("flash combustion") at 1050◦C in an O2 filled combustion column [Ehrhardt and Koeve,
1999]. The combustion products, CO2, NOx and H2O, are transferred to a reduction
column using helium (He) carrier gas, where oxygen is removed and nitrous oxides are
reduced to nitrogen gas (N2). The gases are separated on a chromatographic column
and detected by a thermal conductivity detector [Ehrhardt and Koeve, 1999].
Isotopes
Carbon has six protons, and usually also six neutrons in its nucleus, thus an atomic mass
of 12 u (12C). However, in some C atoms, the number of neutrons is different. C atoms
with differing number of neutrons are called C isotopes and have, due to their different
masses, slightly different chemical and physical properties. The two C isotopes relevant
in this study are 13C and 14C. While 14C is unstable, that is, it is radioactive, 13C is a
stable isotope and accounts for approximately 1.1 % of all C on earth [Downard, 2004].
The 13C/12C ratio is not uniform in different reservoirs. For example, plants "prefer"
the lighter 12CO2 over 13CO2 for photosynthesis [Schlesinger, 1997, Ch. 5]. Therefore,
plant tissue usually contains relatively less 13C than the atmosphere. The abundance
of 13C is usually expressed as deviation of the isotope ratio of a sample from that of a
standard. This deviation is expressed inh and written as the δ-value. For example, the
δ13C value of oceanic DIC is approximately +1-1.5 h [Mook, 2001]. Riverine DIC has
a stronger signature of respiratory CO2 and is thus lighter, with a δ13C value between
-12 and -15 h [Mook, 2001]. 13C can be used to attribute sources to riverine carbon
[Marwick et al., 2014].
Radiocarbon (14C) is produced in the upper atmosphere and oxidized to form 14CO2.
As such, 14C is taken up into the biosphere. If no further exchange takes place, i.e.,
after the plants have died, 14C will decay over time with a half-life of 5730 ± 40 years
[Bianchi and Canuel, 2011]. The knowledge of the remaining 14C in a sample would
thus allow for the inference of its age. This is based on the assumption of a temporally
and geographically constant 14C content in the atmosphere [Bianchi and Canuel, 2011].
However, this assumption is complicated by a natural variability of 14C in the atmosphere
and by the anthropogenically caused change of 14C, both due to fossil fuel emissions,
which caused a "dilution" of 14C in the atmosphere ("Suess effect"), and the fallout
of 14C from nuclear bomb testing in the 1960s, which temporarily almost doubled the
atmospheric 14C signature.
The different masses of 14C, 13C and 12C are exploited for the measurement of the
isotopic ratios 14C12C and
13C
12C
. In this study, δ13C was determined for DIC and POC. In
18 3. Methods
both cases, the sample was converted to CO2 either by acidification (DIC) or combustion
(POC) and then analyzed by mass spectrometry. The principle of mass spectrometry is
to separate molecules according to their mass-to-charge-ratio [Gross and Beifuss, 2013,
Ch. 1]. This is achieved by ionization of the molecules (here: CO+2 ), subsequent accel-
eration in an electric field and deflection in a magnetic field [Downard, 2004, Ch. 3],
whereas the lighter molecules (12CO2) are deflected more than the heavier ones (13CO2).
This way, the different isotopologues are separated into a "heavier" and a "lighter" beam
and detected by an ion detector.
DO14C was determined by accelerator mass spectrometry (AMS). Since the natural
abundance of 14C is very small [10−10 %, Downard, 2004, Ch. 10], it is necessary to
accelerate the ions to high energies before detection. For this, the organic sample is
combusted to CO2 and then reduced to graphite (C). After ionization, the ions enter
a two-stage accelerator (tandem accelerator). During the first stage, ions are acceler-
ated through a very high potential and passed through a stripper, which destroys any
molecules, so that molecules of equal mass as 14C are removed [Downard, 2004, Ch. 10].
During the second stage, 14C+ are further accelerated to very high kinetic energies and
focused into a Faraday cup for detection.
Inorganic nutrients
Nitrogen (N) and phosphorous (P) are essential nutrients for living organisms. N is found
in the basic constituents of their tissue, like amino acids and enzymes [Schlesinger, 1997].
P is required for cell divisions and energy transformation [Caraco, 2010]. Thus, plant
growth requires these nutrients and can also be limited if one or both of them are not
available. In phytoplankton, for example, C, N and P were found to prevail in a certain
ratio, the so-called Redfield-ratio (106C:16N:1P). Thus, by addition of one of the limiting
nutrients, phytoplankton growth is stimulated. Upon respiration, these nutrients are
released in inorganic forms, such as ammonia (NH+4 ), which is oxidized to nitrite (NO
−
2 )
and nitrate (NO−3 ), and phosphate (PO
3−
4 ). The concentrations of these nutrients were
determined in this study by spectrophotometry. This procedure relies on the reaction of
the species of interest with a reagent to produce a colored compound, whose absorption is
read at a specific wavelength. NO−2 reacts with an organic compound, aromatic amine,
forming diazonium. This, in turn, couples with a second aromatic amine to form an
azo dye [Hansen and Koroleff, 1999], whose absorption is determined at 540 nm. NO−3
is reduced to NO−2 by exposing it to copper coated cadmium granules [Johnstone and
Preston, 1993, Hansen and Koroleff, 1999] and then measured in the same way, so that
the sum parameter NOx is obtained. NH+4 is oxidized with sodium hypochlorite in an
alkaline solution, absorbance of the resultant colored complex is also read at 540 nm
[Johnstone and Preston, 1993]. PO3−4 reacts with an acidified molybdate reagent to
form phosphomolybdate heteropoly acid, which is then reduced to a blue compound
[Hansen and Koroleff, 1999]. Absorbance is read at 880 nm.
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Oxygen
As mentioned above, O2 is the preferred electron acceptor in OM decomposition. There-
fore, it is vital for the understanding of the biogeochemistry in rivers and estuaries to
study oxygen dynamics as well. We used an optical FDO 925 oxygen sensor with a
WTW 3420 Multi. The FDO 925 sensor consists of a membrane containing a fluores-
cent dye and a short wavelength light source [WTW, 2012]. The dye is stimulated by
the light and fluoresces. In the presence of oxygen, quenching occurs, i.e. the duration
of the fluorescence is shortened according to the oxygen concentration [WTW, 2012].
The emitted light is detected as the measurement signal by a photodiode.
pH
The pH is defined as the negative logarithm of the hydrogen ion (H+) activity [Zeebe and
Wolf-Gladrow, 2001, Ch. 1]. The knowledge of pH is required to understand the species
distribution, e.g., for inorganic carbon species. For example, HCO−3 accounts for up to
90 % of the DIC in a seawater sample, whereas in acidic water, CO2 is the dominant
species and can account for almost 100 % of DIC (Chapter 4). pH was measured with
a SenTix 940 sensor. The pH measurement is based on the potential difference between
a measurement electrode and a reference electrode, which is sensitive to the H+ activity
in the electrolyte.
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Abstract
Tropical peatlands play an important role in the global carbon cycle due to their immense
carbon storage capacity. However, pristine peat swamp forests are vanishing due to
deforestation and peatland degradation, especially in Southeast Asia. CO2 emissions
associated with this land use change might not only come from the peat soil directly, but
also from peat-draining rivers. So far, though, this has been mere speculation, since there
was no data from undisturbed reference sites. We present the first combined assessment
of lateral organic carbon fluxes and CO2 outgassing from an undisturbed tropical peat-
draining river. Two sampling campaigns were undertaken on the Maludam river in
Sarawak, Malaysia. The river catchment is covered by protected peat swamp forest,
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offering a unique opportunity to study a peat-draining river in its natural state, without
any influence from tributaries with different characteristics. The two campaigns yielded
consistent results. Dissolved organic carbon (DOC) concentrations ranged between 3222
and 6218 µmol L−1 and accounted for more than 99 % of the total organic carbon (TOC).
Radiocarbon dating revealed that the riverine DOC was of recent origin, suggesting
that it derives from the top soil layers and surface runoff. We observed strong oxygen
depletion, implying high rates of organic matter decomposition and consequently CO2
production. The measured median pCO2 was 7795 µatm and 8400 µatm during the
two campaigns, respectively. Overall, we found that only 26 ± 15 % of the carbon was
exported by CO2 evasion, while the rest was exported by discharge. CO2 outgassing
seemed to be moderated by the short water residence time. Since most Southeast Asian
peatlands are located at the coast, this is probably an important limiting factor for CO2
outgassing from most of its peat-draining rivers.
4.1. Introduction
Southeast Asian peat soils are a globally important carbon pool. They store 68.5 Gt
carbon, which corresponds to 11-14 % of the global peat carbon (Page et al., 2011).
Peat consists of layered dead organic material. Decay is inhibited due to permanent
waterlogging, low pH and scarcity of oxygen. The main reason for slow decomposition
rates in peat is the enzyme phenol oxidase, which is activated by bimolecular oxygen
[Freeman et al., 2001]: At low oxygen and low pH, phenol oxidase activity is inhibited
[Pind et al., 1994]. That allows phenolic compounds to accumulate, which, in turn, in-
hibit those enzymes required for peat decomposition. Under natural conditions, organic
matter accumulates faster than it decomposes, and the peatland acts as a net carbon
sink. Coastal peatlands in Southeast Asia, in particular, were said to be the most ef-
fective terrestrial ecosystems with regards to long-term carbon sequestration [Dommain
et al., 2011].
However, most Southeast Asian peatlands are currently undergoing severe disturbance
due to anthropogenic activities, such as deforestation, drainage, and conversion of peat-
lands into plantations. It has been estimated that only 11 % of the peatlands in Sumatra
and Kalimantan (Indonesia) remain covered by peat swamp forest (PSF) [Miettinen and
Liew, 2010]. In Malaysia, 23 % of the peatlands were classified as undisturbed or rel-
atively undisturbed, and 17 % in Sarawak, a Malaysian state in northwestern Borneo,
where most of Malaysia’s peatlands are located [Wetlands International, 2010]. Entirely
pristine PSFs in Sarawak make up only 1.5 % [Wetlands International, 2010]. In the con-
text of climate change, the vulnerability of the tropical peatland carbon store to human
perturbation has been noted with concern. Both (1) vertical carbon fluxes, i.e., carbon
dioxide (CO2) emissions [Hirano et al., 2012], and (2) lateral carbon fluxes [Moore et al.,
2013, Evans et al., 2014] indicate its increasing instability.
1. Many studies suggest that disturbed peat soil turns from a carbon sink into a
carbon source to the atmosphere [Hooijer et al., 2010, Hirano et al., 2012]. The
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reason is that drainage lowers the water level in the peat soil, exposing the top
layers to aerobic conditions. The activity of phenol oxidase, however, increases
dramatically with increasing oxygen availability [Pind et al., 1994]. Therefore,
peat decomposition in a drained peatland is accelerated, which releases CO2 to the
atmosphere [Couwenberg et al., 2010]. Additionally, degraded peat is susceptible to
burning, which causes large CO2 emissions as well [Page et al., 2002, van der Werf
et al., 2004, Gaveau et al., 2014]. The prevalence of fire differs between countries,
presumably due to different preventive and suppressive measures: Langner and
Siegert [2009] showed that fire affects relatively larger areas in the Indonesian part
of Borneo (Kalimantan) than in the Malaysian part and Brunei.
2. Lateral carbon fluxes primarily concern the dissolved organic carbon (DOC) export
from peat-draining rivers. It is well established that peat-draining rivers receive
large amounts of DOC from the peat soils [Baum et al., 2007, Alkhatib et al., 2007,
Moore et al., 2011]. Because of that, they usually exhibit a dark water color [Baum
et al., 2007], which is why they are often referred to as "blackwater" rivers. Baum
et al. [2007] estimated that Indonesian rivers alone account for 10 % of the global
riverine DOC export to the ocean. It has been shown that these DOC fluxes, too,
respond to anthropogenic change [Evans et al., 2014]. Moore et al. [2013] showed
that disturbed tropical peatlands released more and older organic carbon to rivers
in comparison to an undisturbed site. They also speculated that this might lead to
increased CO2 outgassing from peat-draining rivers in response to anthropogenic
change, but they did not assess CO2 evasion in their study.
Peat-draining rivers are potential sources of CO2 to the atmosphere: Pind et al. [1994]
suggested that the rate of peat degradation might increase in the adjacent aquatic sys-
tem, where oxygen and pH conditions might be more favorable for phenol oxidase activity
than in the peat soil itself. Through the water-air interface, oxygen can diffuse into the
river and facilitate in-stream DOC decomposition. This, in turn, consumes the supplied
oxygen, potentially leading to hypoxic or anoxic events [Rixen et al., 2008]. At the
same time, CO2 is produced, leading to CO2 supersaturation of the river water with
respect to the atmosphere, and consequently to CO2 evasion. Indeed, high CO2 fluxes
have been reported from temperate peat-draining rivers [Hope et al., 2001, Billett et al.,
2007], which is in line with the emerging consensus that streams and rivers generally
tend to be sources of CO2 to the atmosphere [e.g., Richey et al., 2002, Cole et al., 2007,
Aufdenkampe et al., 2011, Butman and Raymond, 2011, Bouillon et al., 2012, Raymond
et al., 2013].
CO2 emissions from tropical peat-draining rivers have not been quantified so far and
their response to anthropogenic change is unclear. Obviously, the quantification of
the anthropogenic effect on riverine CO2 emissions in tropical peatlands requires the
comparison between disturbed and undisturbed peat-draining rivers. To the best of our
knowledge, an undisturbed system has not been documented in terms of CO2 outgassing
yet. It is very likely that the emerging research on CO2 dynamics in tropical peat-
draining rivers will focus on disturbed systems, simply due to the fact that pristine sites
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have become extremely rare and are hardly accessible. Nevertheless, baseline data are
indispensable for the quantification of the anthropogenic effect on both lateral, riverine
organic carbon fluxes and CO2 emissions from tropical peat-draining rivers. In this
study, we present, for the first time, measurements of both total organic carbon (TOC)
and CO2 fluxes in a tropical blackwater river draining an intact peat dome. We measured
surface water pCO2, dissolved oxygen (DO) and particulate and dissolved organic carbon
along with a number of ancillary parameters, as well as CO2 fluxes to the atmosphere
in the Maludam river in Sarawak, Malaysia.
4.2. Materials and methods
4.2.1. Study area
Our study area is the Maludam National Park (NP), which is located on the Malu-
dam peninsula (between 1◦24’ N 1◦40’ N and 111◦0’-111◦16’ E) in the Malaysian state
of Sarawak. Sarawak comprises the northwestern part of the island of Borneo and is
separated from the Malaysian peninsula by the South China Sea. It has a tropical cli-
mate and high rainfall throughout the year. Precipitation in Kuching, the capital city
of Sarawak, ranges from 196 mm in June to 675 mm in January at the peak of the
northwestern monsoon, which occurs between November and February, and amounts to
4101 mm yr−1 (average for the period between 1961-1990, figures from DWD). Sarawak
holds the largest share of Malaysia’s peatlands [Joosten et al., 2012], which cover about
14,659 km2 or 12% of the state’s area [Chai, 2005]. They are mainly found in the coastal
region and were initiated during the Middle and Late Holocene between 7000 and 4000
BP [Dommain et al., 2011]. Sarawak’s peatlands are rainwater-fed and were originally
forested [Joosten et al., 2012]. However, in recent years, PSFs in Sarawak have been
cleared mostly for commercial crops like oil palm, sago, and rubber [Wetlands Interna-
tional, 2010].
The Maludam peninsula hosts Malaysia’s largest peat dome. The Maludam NP en-
compasses an area of 432 km2 [Forest Department Sarawak, 2015]. Two adjacent areas
with a total of 91.3 km2 were proposed for extension to protect and preserve the central
portion of the peat area [Chai, 2005]. Peat thickness reaches up to 10 m [Melling et al.,
2007]. The forest is characterized as mixed peat swamp forest at the edge of the dome,
and Alan bunga forest in the center [Melling et al., 2007], with Shorea albida being the
dominant species in the upper storey [Anderson, 1963]. Kselik and Liong [2004] reviewed
precipitation and evaporation data from meteorological stations in the vicinity of the
park and concluded that a moisture deficit is not expected, suggesting that the water
supply for the peat dome is provided year-round.
Prior to the establishment of the NP, commercial logging threatened parts of the
Maludam PSF. Gazetted as NP in 2000, the PSF has to a great extent recovered and
has regained a canopy height of 30-35 m [Melling and Tang, 2012]. For our study, the
most important feature of the Maludam peat dome is the fact that the soil was not
drained [Vaessen et al., 2011]. Consequently, the peat soil has not been exposed to
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Figure 4.1.: Map showing the location of the Maludam national park (NP) between the
rivers Lupar and Saribas. The dots denote sampling locations, the diamond
shows the location of a waste water treatment plant, and the green square
indicates the location of Maludam village. The yellow markers refer to
sampling stations outside the NP.
aerobic conditions and remained intact.
The Maludam river runs through the center of the peat dome and lies, to its largest
part, inside the NP (Fig. 4.1). It is lined by several dominant species that include
Pandanus andersonii, which is frequently found in Alan bunga forest [Anderson, 1963],
several species of Syzygium (Eugenia), the herb Hanguana malayana, and the fan palm
Licuala petiolulata [Chai, 2005]. The only village along the river (ca. 5000 inhabitants)
is located downstream of the NP boundary, 1.5 km before the river discharges into the
South China Sea. The Maludam river drains a catchment of 91.4 km2 [Lehner et al.,
2006], which is covered by PSF (except for a small coastal strip). The only physico-
chemical data reported for the Maludam river that we are aware of is one data point
published by Kselik and Liong [2004]. These authors report tea-colored, acidic, nutrient-
low and oxygen-depleted water, which is typical for peat-draining rivers, as described
above. However, the paucity of the data highlights the need for further studies.
We collected samples in March 2014 and March 2015, a few weeks after the monsoon
season, so that it can be assumed that samples were taken during decreasing discharge.
In 2015, Sarawak had experienced a severe flood during the peak of the monsoon in
26 4. Lateral carbon fluxes and CO2 outgassing from a tropical peat-draining river(Manuscript 1)
January. Our campaign during that year took place in the beginning of March, whereas
samples were taken during late March in 2014. 11 stations along a 12 kilometer stretch
of the Maludam river (total length: 24 km; see Fig. 4.1) were covered in 2014, and 14
stations along approximately the same stretch in 2015. In 2014, one sample was taken
in the village at the beginning of the cruise. Then, we started at the furthest point
upstream and collected samples at a spatial frequency of approximately 1 km on our
way downstream during one day. In 2015, the first six samples were collected on the
way upstream and the remaining eight samples during two subsequent days on the way
downstream. No bigger rainfall events occurred during the campaigns.
Our sampling aimed at assessing the carbon budget in the river and quantifying the
related CO2 emissions to the atmosphere. In 2014, we took 9 samples inside and 2
outside the NP; in 2015, 13 out of 14 samples were taken inside the park. In the village,
the water level was influenced by tides (yet salinity was zero). Unless stated otherwise,
our findings are based on the NP samples.
4.2.2. Sampling procedure
Water samples were taken from ca. 1 m below the water surface. For dissolved or-
ganic carbon (DOC) and total dissolved nitrogen (TDN), samples were filtered through
0.45 µm syringe filters, acidified with 21 % phosphoric acid to pH <2 and frozen. Analysis
for DOC and TDN was performed by combustion at 720◦C using a Shimadzu TOC-VCSH
with TNM-1 analyzer equipped with a non-dispersive infrared sensor and a Shimadzu
ASI-V automatic sampler.
Three of the 2014 samples were also analyzed for 14C-DOC at the Leibniz-Laboratory
for Radiometric Dating and Isotope Research in Kiel, Germany. One measurement had
to be discarded due to analytical reasons. The 14C/12C ratio was determined with ac-
celerator mass spectrometry (AMS) and compared to an international standard (NIST
Oxalic Acid standard 2 - OxII). The values were normalized to a δ13C of -25 h ac-
cording to Stuiver and Polach [1977]. Values are reported in percent modern carbon
(pMC), whereas 100 pMC refers to the atmospheric radiocarbon concentration in the
year 1950 AD [Stuiver and Polach, 1977].
Particulate material was collected on pre-weighed and pre-combusted glass fiber filters
(Whatman, 0.7 µm). The net sample weight was determined. For the determination of
nitrogen, a definite amount of each sample was filled into tin cups. For organic carbon,
silver cups were used, inorganic carbon was removed by addition of 1 N HCl and the
samples were dried at 40◦C. The elemental analysis was performed by flash combustion
using a Eurovector EA3000. For stable carbon isotope analysis, samples were filled
into silver cups as well, inorganic carbon was removed as described above and δ13C was
determined with a Thermo Finnigan DELTAplus mass spectrometer.
Samples for δ13C in dissolved inorganic carbon (DIC) were taken directly from the
sampling bottle, preserved with 100 µl HgCl2 per 24 ml sample and the bottle was
sealed with Parafilm. For analysis, 50 µl of 98 % phosphoric acid were filled into a
vial. The vial was closed and the headspace was exchanged with He gas. 4 ml of sample
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water were then injected through the septum using a syringe. δ13C was determined in
duplicates using a Thermo Scientific MAT 253 mass spectrometer.
CO2 measurements were performed using two different techniques. In 2014, a headspace
method was used with an Li-820 infrared CO2 analyzer. We sampled 300 ml of water in
a 600 ml conical flask and closed the top with a lid. The lid was connected to the CO2
analyzer, whereas the inlet was connected to a tube sampling the headspace air, and the
outlet reached down to the bottom of the flask. This forced the sampled air to bubble
through the water and enabled a faster equilibrium between water and air. Normally,
this is achieved by shaking the sampling bottle [e.g., Cole et al., 1994, Abril et al., 2015].
In our case, we were able to observe how the equilibrium was achieved. The water pCO2
was then calculated according to Dickson et al. [2007, SOP4] using solubility constants
for CO2 from Weiss [1974]. In this acidic environment, we were able to simplify the
calculations presented by Dickson et al. by assuming that DIC consists essentially of
CO2 and that the fractions of carbonate and bicarbonate are negligible (see Supplemen-
tary Information). The reproducibility of this headspace method was tested in the lab
with a closed bucket of tap water. pCO2 in the water from this bucket was measured 10
times and the standard deviation was calculated. This revealed a variability of <2.5%.
The Li-820 was calibrated in the lab before and after the sampling with three secondary
standards with different CO2 mixing ratios (380, 1000, 3500 and 5000 ppm). In 2015,
pCO2 was continuously monitored using a Contros HydroC CO2 Flow Through Sensor.
Note that the Contros sensor was only calibrated up to 1500 µatm CO2 by the manu-
facturer and nonlinear at high concentrations. In order to correct for this nonlinearity,
we conducted six additional headspace measurements with the Li-820 on the spot and
scaled the Contros data accordingly for the measured range. Details are provided in the
Supplement.
In order to quantify the CO2 flux, we conducted floating chamber measurements. The
floating chamber used in 2014 had a volume of 8.7 L and enclosed a surface area of
0.05 m2 with the water. The chamber used in 2015 was smaller with a volume of 3 L
and a surface area of 0.03 m2. The edges extended approximately 1 cm into the water. In
order to maintain ambient pressure in the headspace, the chambers were equipped with
a long vent tube. For the duration of one floating chamber measurement (ca. 5 min), the
impact of the vent on the headspace concentrations can be considered negligible. Five
floating chamber measurements were conducted during each cruise and only when the
boat was drifting freely. The flux F was calculated from the slope of the concentration
vs. time curve, according to
F =
∆c
∆t
pV
RTA
(4.1)
where ∆c
∆t
is the fitted slope (ppm s−1), p is the pressure (Pa), V is the volume (m3),
R is the universal gas constant (8.314 J mol−1 K−1), T the temperature (K) and A the
surface area (m2). Fluxes were converted to gC m−2 d−1 (per water surface unit area).
The corresponding exchange velocities were calculated with
k =
F
K0(pCOwater2 − pCOair2 )
(4.2)
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pCOwater2 refers to the water pCO2 and pCOair2 to the average ambient pCO2, which was
measured with the Li-820 between the stations. For the purpose of comparison, k was
normalized to a Schmidt number of 600, corresponding to CO2 in freshwater at 20◦C.
The Schmidt number is the ratio of the kinematic viscosity of the water and the diffusion
coefficient of the gas. It was calculated according to Wanninkhof [1992]. In order to
better constrain our findings, we calculated k600 also using the parameterization of Ray-
mond et al. [2012] (see Table S1). At each station, we measured pH, dissolved oxygen
(DO), conductivity and water temperature in the surface water and ambient air tem-
perature. In 2015, we measured pH and DO continuously between the stations. DO and
conductivity were measured with a WTWMulti 3420, using an FDO 925 oxygen sensor
and a TetraCon 925 conductivity sensor. For pH measurements, we used a HANNA HI
8424 pH meter in 2014, and a Sentix 940 IDS pH sensor in 2015, both of which were
calibrated with the same two technical buffers directly before the cruise. Water temper-
ature was measured with the temperature sensors integrated in the oxygen probe. In
2014, we measured additional salinity and temperature profiles with a CastAway CTD.
As we conducted no in-situ measurement of the flow velocity, we estimated it from
the drift during the stations, at which the motor was off and the boat drifted freely. To
this end, we used the GPS information of the CTD at the beginning and the end of the
cast, and the duration of the cast to calculate the flow velocity. Additional flow velocity
estimates were obtained with a separate GPS, which was evaluated before and after the
floating chamber measurements, during which the boat floated freely as well.
4.2.3. Discharge and carbon yield calculation
No gauging data exist for the Maludam river. Therefore, we estimated the discharge Q
from the difference between precipitation P (in mm yr−1) and evapotranspiration ET
(in mm yr−1):
Q = (P − ET )A (4.3)
where A is the catchment area (m2). Although this approach has been said to deviate
from the actual runoff in the short-term, it can be a useful approach in a steady state
[Dai and Trenberth, 2002], especially if gauging stations are rare or lacking. For P , we
used daily rainfall records from Maludam village for the year 2013, which were provided
by the Department of Irrigation and Drainage Sarawak (DID). Since our approach of
calculating discharge cannot resolve seasonal variations for the reason given above, we
used the annual average precipitation for the year 2013. For ET , we drew on three
different estimates from the literature: one estimate was for a lowland rainforest in
central Sarawak [Kumagai et al., 2005], and two were for an undisturbed PSF in central
Borneo [Moore et al., 2013, Hirano et al., 2014].
We multiplied Q with the average total organic carbon (TOC) concentration (CTOC)
and divided by the catchment area A in order to determine the average TOC yield
exported by discharge (see Tab. A.2). The CO2 yield was determined from the areal
flux and the assumption that streams cover 0.89 % of the catchment area, according to
the value used by Raymond et al. [2013] for the COSCAT 1328 (COSCATs: COastal
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Segmentation and related CATchments), which contains our study area [Meybeck et al.,
2006].
4.3. Results
4.3.1. Physico-chemical characteristics
The Maludam river is a typical blackwater river. The water exhibited a brown color and
low pH. In the NP, all samples contained freshwater, as indicated by a low conductivity
between 72.5 µS cm−1 and 100.3 µS cm−1 (2014). In the village, conductivity was as
high as 235.0 µS cm−1. Following Moore et al. [2011], we classify this data point as
one with seawater influence. pH was consistently low with a median of 3.8 in 2014 and
3.7 in 2015, respectively (Tab. 4.1). Note that for the 2014 measurements, we have pH
data only for the first five stations because of a failure of the sensor. However, the small
standard deviation of 0.2 suggests that the pH does not vary much and that the median
value of 3.8 can be considered representative for the river’s spatial extent, consistent
with the 2015 median and standard deviation. The acidic character of the Maludam
river is typical for blackwater rivers and in agreement with the results from previous
studies of Malaysian peat-draining rivers [Kselik and Liong, 2004, Gasim et al., 2007,
Irvine et al., 2013].
The total dissolved nitrogen (TDN) median was 49 ± 6 µmol L−1 in 2014 and 57 ±
3 µmol L−1 in 2015. TDN concentrations increased slightly in flow direction (Fig. 4.2b).
The river was strikingly undersaturated in oxygen, ranging from 29 to 58 µmol L−1 in
2014 and from 26 to 42 µmol L−1 in 2015. Note that in 2014, two data points are
missing (kilometers 3 and 7.5, see Fig. 4.3) due to a failure in data storage. Initially,
DO decreased in flow direction (both years) down to a minimum, which was located
approximately six kilometers from the river mouth. From there, it increased again up
to an oxygen maximum of 201 µmol L−1 in the village (2014 data, Fig. 4.3).
Parameter 2014 2015
pH 3.8 ± 0.2 3.7 ± 0.2
Dissolved oxygen (µmol L−1) 46 ± 11 31 ± 4
Water temperature (◦C) 26.1 ± 0.4 25.4 ± 0.1
DOC (µmol L−1) 3768 ± 842 3612 ± 166
POC (µmol L−1) 21 ± 3 16 ± 10
% DOC in TOC 99.5 ± 0.1 99.6 ± 0.3
pCO2 (µatm) 7795 ± 900 8400 ± 135
TDN (µmol L−1) 49 ± 6 57 ± 3
Table 4.1.: Median values ± one standard deviation for the main parameters measured
in the Maludam river (NP stations only).
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4.3.2. Organic carbon
DOC concentrations varied between 3420 and 6218 µmol L−1 in 2014, with a median
of 3768 µmol L−1, and between 3222 and 3734 µmol L−1 in 2015, with a median of
3612 µmol L−1 (Table 4.1) and increased slightly in flow direction (see Fig. 4.2a), while
DO decreased (see Fig. 4.3). The age determination of our two samples from 2014
revealed that DOC contained 106.6 ± 0.3 pMC and 106.1 ± 0.4 pMC, indicating a
large contribution of modern carbon to the overall sample age. The calibration for
post-bomb carbon was achieved with the program CALIBomb [Reimer et al., 2004] and
yields a probability distribution for the sample’s mean calendar age on both sides of
the bomb-peak (see Fig. A.3). Since our samples were taken in an undisturbed system,
we considered the younger solution to be more likely. Accordingly, the most probable
mean sample age is 2005-2007 AD and 2006-2008 AD (one sigma) for the two samples,
respectively. That means that the DOC in the Maludam river is derived from carbon
that was fixed from the atmosphere during the last decade.
The Maludam river water contained very little particulate material. On average, DOC
accounted for 99.5 % (2014) and 99.6 % (2015) of TOC (Table 4.1), which is consistent
with observations in Indonesian peat-draining rivers [Baum et al., 2007, Moore et al.,
2013]. Median POC concentrations were 21 µmol L−1 in 2014 and 16 µmol L−1 in 2015
with little variation in the NP (see Fig. 4.2c). In 2014, elevated POC concentrations
were only found between the NP boundary and the village (see Fig. 4.2c). The atomic
carbon-to-nitrogen (C/N) ratio in particulate organic matter ranged between 7.4 and
21.3 in 2014 and 13.7 and 45.5 in 2015, which is consistent with a mixed signal of
phytoplankton (6-7) and higher plant terrestrial organic matter [>20, Hedges et al.,
1986a, 1997]. δ13C in POC varied only slightly between the stations and ranged from
-29.35 h to -28.55 h (average -28.89 h, 2014 data only).
Precipitation in Maludam in 2013 ranged from 89 mm in June to 769 mm in December
and summed up to 3576 mm yr−1. Discharge was estimated to be 4.8 m3 s−1 with the
ET value used by Moore et al. [2013] for an undisturbed PSF (ET = 1903 mm yr−1),
5.6 m3 s−1 with the ET estimate of Hirano et al. [2014] for the same PSF (ET =
1636 mm yr−1) and 5.9 m3 s−1 with the ET estimate of Kumagai et al. [2005] for lowland
rainforest in central Sarawak (ET = 1545 mm yr−1). The average discharge thus obtained
was 5.5 ± 0.6 m3 s−1 (average ± largest deviation). With median TOC concentrations
of 3861 ± 890 µmol L−1 and 3645 ± 175 µmol L−1 and a catchment size of 91.4 km2,
we estimated an average total organic carbon (TOC) yield of 87 ± 10 gC m−2 yr−1 for
2014 and 82 ± 9 gC m−2 yr−1 for 2015, respectively. The uncertainties were calculated
by propagation of uncertainties (Gaussian error propagation), whereas the standard
deviation of the TOC concentration, the uncertainty of discharge and the uncertainty of
the catchment size were considered (see Table A.3). For both years combined, the TOC
yield from the Maludam catchment was 85 ± 9 gC m−2 yr−1.
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Figure 4.2.: DOC, TDN and POC as measured along the river stretch. Flow direction
is from left to right. Note the discontinuous vertical axis in panel (a) and
(c). The yellow markers to the right of the dashed line refer to sampling
stations outside the NP.
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Figure 4.3.: Dissolved oxygen concentrations in the Maludam river. Flow direction is
from left to right. Note the discontinuous vertical axis. The yellow markers
to the right of the dashed line refer to sampling stations outside the NP.
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4.3.3. CO2
pCO2 ranged between 6130 and 8943 µatm in 2014 and between 8126 and 8694 µatm
in 2015 and exhibited some spatial variations. It decreased in flow direction in the
uppermost part of the studied river stretch (Fig. 4.4a, km 14-10, 2014 data). Then,
pCO2 increased slightly, and decreased again between the NP boundary and the village.
CO2 concentrations showed a weak negative relationship with DO (Fig. 4.5b).
Within the observed variability, pCO2 was similar in 2014 (7795 ± 900 µatm, median
± one standard deviation) and in 2015 (8400 ± 135 µatm). δ13C in DIC ranged between
-28.85 h to -28.18 h and averaged -28.55 h (2014 data). Under acidic conditions, the
carbonate system is shifted towards more free CO2. At a pH of 3.7-3.8, CO2 accounts
for >99 % of DIC. Atmospheric pCO2 averaged 420 µatm in 2014 and 419 µatm in 2015.
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Figure 4.4.: pCO2 (a) and CO2 fluxes (b) as measured along the spatial extent of the
Maludam river. Flow direction is from left to right. The yellow markers on
panel (a) to the right of the dashed line refer to sampling stations outside
the NP. Note the discontinuous vertical axis in panel (b).
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The floating chamber measurements differed markedly among each other and revealed
areal fluxes between 5.6 to 28.5 gC m−2 d−1 in 2014 and 1.8 to 10.0 gC m−2 d−1 in
2015 (see Fig. 4.4b). The highest fluxes were observed at the most upstream and most
downstream spots in 2014 (see Fig. 4.4b). The average piston velocity normalized to a
Schmidt number of 600 was 15.6 ± 9.7 cm h−1 (average ± standard deviation; largest
deviation of a single measurement from the mean was 15.1 cm h−1) in 2014 and 6.3 ±
3.3 cm h−1 (largest deviation: 5.0 cm h−1) in 2015. The standard deviation was used
for the further calculation of the propagation of uncertainties (see Table A.3). For the
Raymond et al. [2012] model equations, the stream velocity V , the slope S, mean depth
D and discharge Q were required. As velocity, we used the mean of our estimates based
on the drift during the stations in 2014 (V = 0.2 m s−1). The slope was calculated after
determination of the elevation at the source and at the river mouth using the GTOPO30
digital elevation model for ESRI’s ArcGIS (USGS-EROS, 2010, S = 25m/24000m). We
assumed a depth D of 4 m based on measurements during December 2014 (unpublished).
The piston velocities k600 obtained in this way ranged from 6.8 to 31.8 cm h−1(for details
see Table A.1), which is the same order of magnitude as the estimates based on our
floating chamber measurements. We calculated a mean flux for the Maludam river with
k600 = 15.6 cm h−1 of 12.7 ± 6.8 gC m−2 d−1 for 2014 and with k600 = 6.3 cm h−1 of 5.5
± 2.6 gC m−2 d−1 for 2015. Although these CO2 fluxes are quite different with regards
to the absolute numbers, they exhibit a consistent spatial pattern: From Fig. 4.4b, it
can be seen that the measurements in 2015 were concentrated around the central part of
the river stretch, where lower fluxes were observed also in 2014. In contrast, enhanced
outgassing was observed in the most upstream and most downstream part of the sampled
stretch. Therefore, it can be assumed that the discrepancy between the two estimates
actually represents some of the spatial variability along the river stretch. The areal
CO2 fluxes determined for 2014 and 2015, respectively, translate into CO2 yields of 41 ±
23 gC m−2 yr−1 and 18± 9 gC m−2 yr−1, or an average CO2 yield of 30± 16 gC m−2 yr−1.
The uncertainties were calculated from the uncertainty associated with the gas exchange
velocity and the Raymond et al. [2013] estimate of a 0.89 % stream coverage was assigned
an uncertainty of 18 %, which corresponds to the deviation from the stream coverage
for the neighboring COSCAT (see Table A.3). In order to partition lateral and vertical
flux, we calculated the combined lateral and vertical carbon export and estimated the
percentage of carbon exported by evasion. Accordingly, CO2 evasion accounted for 32 %
of the carbon export in 2014 and for 18 % of the carbon export in 2015. If both years
are taken together, the combined carbon export was 114 ± 26 gC m−2 yr−1, 26 ± 15 %
of which were evaded to the atmosphere as CO2.
4.4. Discussion
4.4.1. Organic matter decomposition
DOC, oxygen and CO2 dynamics in freshwaters and peat-draining rivers are closely
linked through the process of organic matter decomposition. During the oxidation of
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Figure 4.5.: DO versus DOC (panel a) and DO versus CO2 (panel b) reveal the linkage
between these parameters in the river. The lines indicate linear fits that are
obtained when data from the same spatial stretch (km 4-12, see text) are
taken into account.
organic matter, oxygen is consumed and CO2 is produced. This view is confirmed for our
study site by the δ13C in DIC (average -28.55 h), which, at the pH of 3.7-3.8, consists
of >99 % CO2. These δ13C values are similar to those measured in peat and leaves
[Baum, 2008]. Since the isotopic fractionation during organic matter decomposition is
negligible [Rózański et al., 2001], the DI13C values provide strong evidence that the
DIC (CO2) originates from the decomposition of terrestrial DOM. Enhanced CO2 is
generally associated with oxygen depletion. We observed this link, but it was weak in
our study. Probably, both the DO-DOC and the DO-CO2 relationship are partially
obscured by a natural variability, as seen in other studies [e.g., Rixen et al., 2008].
For example, although we think that primary productivity is small, the fact that the
samples were taken during different times of the day might have an impact. This would
cause higher oxygen values during the day than in the early morning. Additionally, we
sampled different locations during 2014 and 2015. As a result, spatial variability of,
e.g., the exchange velocity might have caused some bias. In that case, the data would
be biased towards higher oxygen concentrations, because due to different diffusivities,
the consumed oxygen is replaced faster by invasion than the produced CO2 is emitted.
Although it cannot be fully resolved which other processes might play a role, the general
link between DO, DOC and CO2 concentrations is observed in the Maludam river as
expected.
One important factor that controls DOC decomposition and thereby pCO2 is the DOC
concentration. In the Maludam river, we observed increasing DOC in flow direction,
indicating that DOC inputs are larger than DOC decomposition. The DO14C indicates
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that this organic material is of recent origin, which is consistent with the notion that
undisturbed peatlands exhibit modern fluvial DO14C across different climatic regions
[Evans et al., 2014] and that rivers generally convey relatively young DOC [Marwick
et al., 2015]. It does also provide evidence of the stability of the peat column, i.e. DOC
inputs are mainly derived from upper soil layers or surface runoff. This is in agreement
with the classical view that the hydraulic conductivity, i.e. the movement of water
through the soil, is high in the upper peat layer and small in the saturated zone [Rieley
and Page, 2008]. This means that the water that enters the stream is a mixture of
surface runoff and subsurface flow from upper soil layers. Therefore, the DOC is derived
from these two sources as well, whereby enhanced surface runoff might lead to a dilution
of the DOC concentrations. This is in line with the slightly lower DOC concentrations
in 2015: Samples were taken earlier in the month, so that runoff was possibly still higher
due to the receding monsoon. The young age of the riverine DOC implies that the CO2
production is sustained by a relatively young carbon pool, which is in agreement with
radiocarbon studies from the Amazon [Hedges et al., 1986b, Mayorga et al., 2005].
4.4.2. Total organic carbon flux
On a global perspective, the DOC concentrations in the Maludam river range among the
highest reported for streams and rivers [Alkhatib et al., 2007, Baum et al., 2007, Moore
et al., 2011, 2013]. Similarly, the TOC yield of 85 ± 9 gC m−2 yr−1 for the Maludam
catchment is among the highest reported for tropical peat-draining rivers so far. Baum
et al. [2007] suggested that the organic carbon yield mainly depends on the peat coverage
in the catchment. In Maludam, the peat coverage is 100 %, and the only other studies
that we are aware of that reported data from a tropical catchment with 100 % peat are
those of Moore et al. [2011, 2013]. They determined a TOC yield of 63 gC m−2 yr−1 for
an undisturbed inland Bornean peat swamp forest and 97 gC m−2 yr−1 for disturbed
sites [Moore et al., 2013], all of which were located in the Sebangau catchment in Central
Kalimantan, Indonesia. Although these TOC yields are in a similar range as the one
we are reporting for Maludam, the riverine DOC concentrations in the Maludam river
were lower (3612-3768 µmol L−1) than those at the undisturbed site in the Sebangau
catchment [5667± 42 µmol L−1, Moore et al., 2013]. Possibly, this has to do with
the different hydrological conditions: while no moisture deficit is expected for Maludam
[Kselik and Liong, 2004], the Sebangau site usually has a three months dry period [Moore
et al., 2011], so that the soil is not always fully saturated with water. Therefore, the
DOC concentrations in the Sebangau tributaries might actually resemble those in the
peat pore waters, while in Maludam, under saturated conditions, fresh rainwater would
not fully infiltrate into the soil, but lead to a dilution of the riverine DOC. The fact that
both sites end up with a similar TOC yield can be attributed to the higher discharge of
the Maludam river if compared to the Sebangau sites, owing to 27 % higher rainfall in
Maludam (3576 mm) than in Central Kalimantan [2810 mm, Moore et al., 2013].
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4.4.3. CO2 flux
The average estimated areal CO2 fluxes of 5.5 ± 2.6 and 12.7 ± 6.8 gC m−2 d−1 are
not unusually high. Aufdenkampe et al. (2011) report an average areal outgassing for
tropical streams of 7.5 gC m−2 d−1, which falls within this range. In consideration of
the high DOC concentrations and degradation rates in the Maludam river, one could
have expected higher pCO2 and consequently higher areal emissions. The partitioning
of lateral and vertical flux revealed that approximately three times as much carbon is
transported laterally than evaded to the atmosphere as CO2. The CO2 concentration
might mainly be moderated by the short residence time of the water in the Maludam
river (33 h). This could be true for many peat-draining rivers in Indonesia and Malaysia,
since the peat is mostly located in the coastal areas. Using the Harmonized World Soil
Database [Nachtergaele et al., 2009] and the Analysis tools (Proximity/Buffer) in ArcGIS
10.1 (ESRI, USA), we determined the percentage of peatlands on Sumatra and Borneo
that were located within a coastal strip of a defined width (Fig. 4.6). This revealed that
70 % of the peatlands on the islands of Sumatra and Borneo, which host the majority of
all Southeast Asian peatlands, lie within 40 km of the coastline. Even at very low flow
velocities, as in the Maludam river, this short distance translates into a time constraint
that moderates biological processing. At faster flow velocities, this effect should be even
more obvious.
Figure 4.6.: Distribution of peatlands along the coastlines of Sumatra and Borneo as
of [Nachtergaele et al., 2009]. The light grey area refers to a 40 km wide
coastal strip.
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4.4.4. Uncertainties of the presented estimates
Our findings are subject to some considerable uncertainties. The major conclusions are
drawn from the comparison of (1) TOC yield and (2) CO2 yield. Both yields were
calculated based on certain assumptions and are thus subject to different sources of
uncertainty.
1. The TOC yield was calculated from the median TOC concentration, discharge
and the catchment size. For a robust estimate, ideally, TOC concentrations and
discharge should be measured simultaneously during different seasons. This would
ensure that enhanced TOC export during peak discharge and flooding events would
be captured. However, at present stage, continuous measurements in this remote
area were not possible due to a lack of infrastructure. The results presented here
rely on TOC concentrations measured after the monsoon season. Seasonal vari-
ability was not assessed in our study and arguably represents its most important
limitation. However, the seasonal variability of at least the DOC concentrations is
not expected to be large. Firstly, following the discussion of Moore et al. [2011],
plant growth is sustained year-round in this monsoonal climate. Secondly, as rea-
soned above, a moisture deficit in the Maludam PSF is unlikely. Therefore, a
"flushing effect", whereby DOC accumulates in peat pores during the dry season
and is washed into the river at the onset of the wet season [Moore et al., 2011],
is not expected. However, the very rough estimate of discharge that we provided
is another, and possibly the larger, source of uncertainty. Our calculation of an
annual average discharge did naturally not attempt to resolve seasonal variability.
The assumption of steady state, which is the basis of this discharge estimate, is not
always granted. Moore et al. [2011] showed that discharge in the Sebangau catch-
ment was twice as high during the wet season if compared to the dry season. Baum
et al. [2007] even found a six-fold higher discharge during a wet season campaign if
compared to their result from a dry season campaign. It is likely that these large
fluctuations have an effect on the TOC export, which we did not capture with
our approach. Therefore, further simultaneous measurements of discharge and the
TOC concentration are definitely desirable to resolve details about the variability
of the TOC flux.
2. The CO2 yield was calculated from the CO2 flux and the Raymond et al. [2013] es-
timate of the stream coverage in this COSCAT. To start with the latter, estimating
the stream surface area especially in swamps or flooded areas is very challenging.
The estimate of Raymond et al. [2013] seemed to us the most robust estimate avail-
able. However, it was derived for the entire COSCAT, so breaking this estimate
down to the catchment scale might introduce some bias. We compared the stream
coverage to the one reported for the neighboring COSCAT (Indonesia) and used
the deviation of the two as an approximate uncertainty estimate. Certainly, a field
survey would be the best way to estimate the stream surface area - however, this
way, headwater streams and small tributary channels might be overlooked and the
surface area thus be underestimated.
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The largest uncertainty associated with the calculated CO2 flux arguably stems
from the uncertainty associated with the gas exchange velocity. Here, we used
a floating chamber to derive the gas exchange velocity. This method has been
subject to quite some debate. One objection is that floating chambers shelter the
water surface from wind and thus reduce the gas exchange [Frankignoulle, 1988].
However, due to the dense canopy, the Maludam river is not so exposed to wind
stress, so that this bias is probably small. Others argue that floating chambers
disrupt the water surface and thus artificially enhance the gas exchange [Matthews
et al., 2003, Vachon et al., 2010]. We tried to avoid this by using a relatively light
floating chamber with small extensions into the water to make it more stable
[Müller et al., 2015], and by employing the floating chamber only when the boat
was drifting freely.
4.5. Conclusion
In summary, our study provided further evidence that tropical peat-draining rivers ex-
hibit the highest riverine DOC concentrations worldwide. We showed that the peat
carbon in this undisturbed system is securely stored in the peat column, and suggested
that only DOC from the top soil layers is leached into the aquatic system, where it is
diluted and partially remineralized. However, measured against the high DOC concen-
trations, CO2 emissions from the Maludam river were quite moderate. We attributed
this mainly to the short water residence time. Since most Sumatran and Bornean peat-
draining rivers are located at the coast, we expect the TOC yield to dominate over the
CO2 yield in most of these systems. To date, it remains unclear how the described
carbon dynamics are changing under anthropogenic pressure. Upon anthropogenic dis-
turbance, the DOC export from peat soils tends to change both in quantity and quality:
The DOC export increases and the DOC is older, i.e. derived from deeper soil lay-
ers [Moore et al., 2013, Evans et al., 2014]. In the Sebangau catchment, the increased
export of DOC was due to higher discharge, not due to higher DOC concentrations.
Under naturally saturated conditions, as in Maludam, drainage would cause the water
level to drop below the surface, so that increasing DOC concentrations would have to
be expected upon disturbance. Increasing DOC concentrations, in turn, would lead to
increasing CO2 emissions, even if the short water residence time represents a limiting
factor.
For future research, our study can serve as a reference, representing the conditions
in an undisturbed tropical peat-draining river, and allowing for the quantification of
anthropogenic effects on tropical peatland ecosystems in future research.
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Abstract
Coastal peatlands in Southeast Asia release large amounts of organic carbon to rivers,
which transport it further to the adjacent estuaries. However, little is known about the
fate of this terrestrial material in the coastal ocean. Although Southeast Asia is, by area,
considered a hotspot of estuarine CO2 emissions, studies in this region are very scarce.
We measured dissolved and particulate organic carbon, carbon dioxide (CO2) partial
pressure and carbon monoxide (CO) concentrations in two tropical estuaries in Sarawak,
Malaysia, whose coastal area is covered by peatlands. We surveyed the estuaries of the
rivers Lupar and Saribas during the wet and dry season, respectively. The spatial dis-
tribution and the carbon-to-nitrogen ratios of dissolved organic matter (DOM) suggest
that peat-draining rivers convey terrestrial organic carbon to the estuaries. We found
evidence that a large fraction of this carbon is respired. The median pCO2 in the estu-
aries ranged between 618 and 5064µatm with little seasonal variation. CO2 fluxes were
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determined with a floating chamber and estimated to amount to 14–272molm−2 yr−1,
which is high compared to other studies from tropical and subtropical sites. In con-
trast, CO concentrations and fluxes were relatively moderate (0.3–1.4 nmol L−1 and 0.8–
1.9mmolm−2 yr−1) if compared to published data for oceanic or upwelling systems. We
attributed this to the large amounts of suspended matter (4–5004mgL−1), limiting the
light penetration depth. However, the diurnal variation of CO suggests that it is photo-
chemically produced, implying that photodegradation might play a role for the removal
of DOM from the estuary as well. We concluded that unlike smaller peat-draining
tributaries, which tend to transport most carbon downstream, estuaries in this region
function as an efficient filter for organic carbon and release large amounts of CO2 to
the atmosphere. The Lupar and Saribas mid-estuaries release 0.4± 0.2TgCyr−1, which
corresponds to approximately 80% of the emissions from the aquatic systems in these
two catchments.
5.1. Introduction
Southeast Asian peatlands store 68.5Gt carbon [Page et al., 2011] and represent a glob-
ally important carbon pool. Parts of this organic carbon are released to the aquatic
system and exported to the coastal ocean. It has been estimated that due to the pres-
ence of peatlands, Indonesia alone accounts for 10% of the dissolved organic carbon
(DOC) exported to the ocean globally [Baum et al., 2007]. Peat-draining rivers usually
exhibit extraordinarily high DOC concentrations [Alkhatib et al., 2007, Moore et al.,
2011, 2013, Müller et al., 2015]. Although a small fraction of this DOC is respired in the
river, the larger part is transported downstream [Müller et al., 2015], ultimately reach-
ing the estuary and the coastal ocean. So far, the fate of this carbon fraction remains
unclear, and data particularly in this region is scarce.
Globally, the view prevails that terrestrial organic carbon is respired in estuaries.
Therefore, they are net heterotrophic [Duarte and Prairie, 2005] and act as a source
of carbon dioxide (CO2) to the atmosphere, releasing 150TgC annually [Laruelle et al.,
2013]. On the other hand, Cai [2011] suggested that terrestrial organic carbon might
in fact bypass the estuarine zone, and that it is actually organic carbon from intertidal
flats that sustains net heterotrophy in estuaries.
The question whether or not the terrestrial organic carbon is retained in estuaries
is of particular interest in peat-dominated regions with high riverine carbon loads like
Southeast Asia. On the one hand, peat-derived organic matter consists mainly of lignin
and its derivates [Andriesse, 1988] and is thus relatively recalcitrant to degradation.
In addition, short water residence times might constrain organic matter decomposition
[Müller et al., 2015]. On the other hand, high organic carbon loads together with high
temperatures would suggest high microbial activity both in the water column and in the
sediment, leading to high decomposition rates.
Additionally, photodegradation was proposed as an important removal mechanism for
terrestrial organic matter in the ocean [Miller and Zepp, 1995]. Chromophoric dissolved
organic matter (CDOM) absorbs light, mainly in the UV region. The absorbed photons
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initiate abiotic photochemical reactions, during which DOC is oxidized to carbon monox-
ide (CO) and CO2 [Stubbins, 2001], with the CO2 production being 14 to 20 times larger
than CO production [Vähätalo, 2010]. Photochemistry might be of particular impor-
tance in estuaries [Ohta et al., 2000], where CDOM concentrations and CO production
rates are high, making estuaries a significant source of CO to the atmosphere [Valentine
and Zepp, 1993]. What adds to it, is that dissolved organic matter (DOM) in estuaries
is largely of terrestrial origin, and terrestrial CDOM was found to be more efficient in
producing CO than marine CDOM [Zhang et al., 2006]. Ultimately, recalcitrant peat-
derived organic matter might be subject to photobleaching [Vähätalo, 2010] and would
then be more readily available for bacterial respiration, supporting net heterotrophy.
In order to investigate if and how peat-derived organic carbon is processed in tropical
estuaries, we studied organic carbon, dissolved CO2 and CO in two Malaysian estu-
aries, both of which receive terrestrial carbon from rivers draining a peat-dominated
catchment.
5.2. Materials and methods
5.2.1. Study area
Sarawak is Malaysia’s largest state and located in the northwest of the island of Borneo,
which is divided between Indonesia, Brunei and Malaysia. It is separated from Peninsular
Malaysia by the South China Sea. Sarawak has a tropical climate. The mean annual air
temperature in Sarawak’s capital Kuching (1.56◦N, 110.35◦E) is 26.1 ◦C (average 1961–
1990, Deutscher Wetterdienst (DWD) [2007]). Rainfall is high throughout the year,
but pronounced during the northeast monsoon, which occurs between November and
February.
Our study focused on two macrotidal estuaries in western Sarawak. The coastal area
of western Sarawak is covered by peatlands. The largest peat dome is found on the
Maludam peninsula. It is rainwater-fed and covered by dense peat swamp forest, which
has been protected ever since Maludam was gazetted as national park in 2000. The
peninsula is enclosed by the rivers Lupar and Saribas (Fig. 5.1). Six channels from
the Maludam peat swamp forest drain into the Lupar river and six into the Saribas,
respectively [Kselik and Liong, 2004]. With reference to their catchment areas, the peat
coverage in the Lupar and Saribas basins is 30.5 and 35.5%, respectively [Nachtergaele
et al., 2009]. The catchment sizes are 6558 km2 (Lupar) and 1943 km2 (Saribas) [Lehner
et al., 2006].
Sampling was performed during two ship cruises in 2013 and 2014. The 2013 cruise
took place in June (18–23 June) during the dry season. The 2014 cruise was performed
in March (10–19 March), right after the end of the monsoon season. We sampled 20
stations in 2013 and 26 stations in 2014 (Fig. 5.1). Here, we report the data separately
for the outer (salinity > 25), mid-(salinities 2–25) and upper estuaries (salinity < 2).
In 2014, we went further upstream than in 2013. Therefore, when it comes to the
mid-estuaries, we report medians for the “2013 spatial extent”, i.e. refer to the spatial
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coverage of 2013.
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Figure 5.1.: Map of the study area. The stations are indicated by the grey and black
dots, peat soils (histosols) are indicated in green (as of Nachtergaele et al.
[2009]).
5.2.2. Discharge and flow velocity
We estimated river discharge (Q) from the difference between precipitation (P ) and
evapotranspiration (ET). Precipitation was taken from NOAA NCEP Reanalysis data
set for the nearest upstream grid (0.95◦N, 110.625◦E, www.esrl.noaa.gov/psd/data/
reanalysis/reanalysis.shtml). Evapotranspiration was taken from the literature
[Kumagai et al., 2005]. Ultimately, we derived Q = (P − ET) · A, where A is the
catchment area (m2). The rivers’ flow velocity was estimated from the drift during
the stations, when the boat drifted freely. To this end, we used the GPS information
of a CTD at the beginning and the end of the cast, and the duration of the cast to
calculate the flow velocity (2014 data only).
5.2.3. Water chemistry
Salinity and temperature profiles were measured at each station with a CastAway CTD.
Additionally, water pH, dissolved oxygen (DO) and conductivity were measured in the
surface water with a WTW Multi3420, using an FDO 925 oxygen sensor, a SenTix 940
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pH sensor and a TetraCon 925 conductivity sensor. Apparent oxygen utilization (AOU)
was calculated as the difference between the saturation oxygen concentration and the
measured oxygen concentration.
AOU = Osat2 −Omeas2 (5.1)
Oxygen solubility for a given temperature and salinity was calculated with constants
from Weiss [1970].
Samples for determination of dissolved inorganic nitrogen (DIN) concentrations were
taken at every station from approximately 1m below the water surface. The water
was filtered through a Whatman glass microfibre filter (pore size 0.7µm), preserved
with a mercuric chloride (HgCl2) solution and stored cooled and upright until analysis.
Concentrations of nitrate (NO−3 ), nitrite (NO
−
2 ) and ammonia (NH
+
4 ) were determined
spectrophotometrically [Grasshoff et al., 1999] with an Alliance Continuous Flow Ana-
lyzer.
5.2.4. Organic carbon and carbon isotope analysis
Dissolved organic carbon (DOC) samples were filtered (pore size 0.45µm) and acidified
with 21% phosphoric acid until the pH had dropped below 2. DOC concentrations were
determined through high temperature combustion and subsequent measurement of the
evolving CO2 with a non-dispersive infrared detector. In 2014, those samples were also
analyzed for total dissolved nitrogen (TDN) using a Shimadzu TOC-VCSH with TNM-
1 analyzer. Dissolved organic nitrogen (DON) was then calculated by subtracting DIN
from TDN.
Particulate material was sampled by filtering water through pre-weighed and pre-
combusted Whatman glass fiber filters. The net sample weight was determined. 1N
hydrochloric acid was added in order to remove inorganic carbon and samples were dried
at 40 ◦C. Organic carbon and nitrogen contents were determined by flash combustion
with a Euro EA3000 Elemental Analyzer. The abundance of the stable isotope 13C was
determined with a Finnigan Delta plus mass spectrometer.
Samples for determination of δ13C in dissolved inorganic carbon (DIC) were preserved
with HgCl2, sealed against ambient air and stored cool, upright and in the dark until
analysis. Vials were prepared with 50µL of 98% H3PO4 and a He headspace. Depending
on the salinity, 1–4mL sample volume was injected through the septum using a syringe.
The prepared sample was allowed to equilibrate for 18 h and δ13C was determined with
a Thermo Scientific mass spectrometer (MAT 253).
5.2.5. CO2 and CO measurements
In order to determine partial pressures of dissolved CO2 and CO in the water, we used
a Weiss equilibrator [Johnson, 1999]. Water from approximately 1m below the surface
was pumped through the equilibrator at a rate of approximately 20L min−1. Dry air
mole fractions of CO2 and CO in the equilibrator’s headspace were determined with
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an in-situ Fourier Transform InfraRed (FTIR) trace gas analyzer. The instrument was
manufactured at the University of Wollongong, Australia, and is described in detail
by Griffith et al. [2012]. FTIR spectra were averaged over five minutes, and dry air
mole fractions were retrieved using the software MALT5 [Griffith, 1996]. The gas dry
air mole fractions were corrected for pressure, water and temperature cross-sensitivities
with empirically determined factors [Hammer et al., 2013]. Calibration was performed
twice during each ship cruise with a suite of secondary standards ranging from 380
to 10 000 ppm CO2 and 51 to 6948 ppb CO. The relevant concentration range was re-
evaluated after the cruises.
The equilibrator headspace air circulated between the FTIR and the equilibrator at
a rate of 1 L min−1 in a closed loop, allowing for continuous monitoring of the CO2
and CO mixing ratios in the headspace. The equilibrator and the sampling lines were
covered with aluminum foil to avoid CO photoproduction in the sampled air. Water
temperature was measured both in the equilibrator and in the water using a Pico PT-
104 temperature data recorder. Ambient air temperature and pressure were recorded
over the entire cruise with a Vaisala SP-1016 temperature data recorder and a PTB110
barometer, respectively. Gas partial pressures for dry air (pGasdryair) were calculated
from the FTIR measurements and our records of ambient pressure. We corrected for the
removal of water [Dickson et al., 2007] using
pGas = pGasdryair(1− V P (H2O)), (5.2)
where pGas is the corrected gas partial pressure and VP(H2O) is the water vapor pres-
sure, which was calculated with the equation given in Weiss and Price [1980].
Equilibrator measurements have been widely used for trace gas measurements in es-
tuarine surface water (Chen et al. [2013] and references therein). For CO2, the response
time is usually short (< 10min) and the error associated with a remaining disequilibrium
between water and headspace air is 0.2% for a Weiss equilibrator [Johnson, 1999]. CO,
in contrast, takes much longer to reach full equilibrium, and an error of up to 25% must
be taken into account for measurements with a Weiss equilibrator [Johnson, 1999].
In the freshwater region, we were unable to carry out FTIR measurements, because
the sampling spots could not be reached by ship. Instead, we performed headspace
equilibration measurements of discrete samples with an Li-820 CO2 analyzer, which was
calibrated with the same secondary standards as the FTIR. We filled a 10L canister
with 9.5 L of sample water (2014: 0.6 L flask filled with 0.35 L of sample water) and left
ambient air in the headspace. We connected the Li-820 analyzer inlet to the headspace
and the outlet to the bottom of the canister, so that air could bubble through the
sample water, accelerating the equilibration process. The pCO2 obtained from headspace
equilibration measurements was corrected for water vapor pressure as well.
Following common practice, we will report CO2 levels in terms of CO2 partial pres-
sure (pCO2), but convert CO partial pressure to molar concentrations using solubilities
according to Wiesenburg and Guinasso Jr. [1979].
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5.2.6. Flux estimation
In 2014, we performed direct flux measurements with a floating chamber (FC). The FC
was an upside-down flower pot with a volume of 8.7 L and a surface area of 0.05m2
which it enclosed with the water. Its walls extended 1 cm into the water. The chamber
headspace was connected to the Li-820 CO2 analyzer, and CO2 concentrations in the
chamber were recorded over time. The concentration change was fitted linearly and the
water-to-air CO2 flux F (in µmol m−2 s−1) was calculated according to
F =
dC
dt
pV
RTA
, (5.3)
where dC
dt
is the slope of the fitted curve (µmolmol−1 s−1), p is the pressure (Pa), V is
the chamber volume (m3), R is the universal gas constant, T the temperature (K) and
A the surface area (m2). The gas exchange velocity was calculated with
kCO2 =
F
K0 (pCOwater2 − pCOair2 )
, (5.4)
where kCO2 is the gas exchange velocity (m s−1) of CO2 and pCOair2 is the atmospheric
CO2 partial pressure, which was measured with the Li-820 CO2 analyzer during the
cruises. For comparisons, kCO2 was normalized to a Schmidt number of 600 (Schmidt
number Sc relates the diffusivity of the gas to the viscosity of the water):
k600
kCO2
=
(
600
ScCO2
)−n
(5.5)
with n = 0.5 for rough surfaces [Jähne et al., 1987]. The relationship with the Schmidt
number was also exploited for calculating CO fluxes. Schmidt numbers were calculated
from water temperature for both saline and freshwater (CO2: Wanninkhof [1992], CO:
Raymond et al. [2012] for freshwater, Zafiriou et al. [2008] for saltwater), and evaluated
for the in-situ salinity assuming a linear dependency [Borges et al., 2004]. Atmospheric
CO mole fractions were obtained from the NOAA ESRL Carbon Cycle Cooperative
Global Air Sampling for the nearest station [Novelli and Masarie, 2014], which was Bukit
Kototabang, Indonesia (0.202◦S, 100.3◦E). Since many flux estimates in the literature
were obtained using exchange velocities derived from empirical equations, we calculated
k also using the wind speed parameterization from Wanninkhof [1992] for comparison.
Wind speed data were taken from the NOAA NCEP Reanalysis data set for the closest
coastal grid (2.85◦N, 110.625◦W). Here, we chose the most downstream grid because the
upstream grid, which we picked for precipitation, is over land, where wind speeds might
be much lower than in the estuary. We considered daily wind speeds for the time period
of both our 2013 and 2014 cruise.
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5.3. Results
5.3.1. Discharge
Annual average precipitation from 1980–2014 amounted to 3903mm yr−1 in the chosen
grid, corresponding to an average precipitation of 325mm month−1. The precipita-
tion during June 2013 was below average (246mm) and above average (364mm) in
March 2014. Both values do not deviate much from the historical averages during 1980–
2014 (March: 367mm, June: 234mm, see Fig. 5.2). In the following, we will refer to our
measurements in June 2013 as representative of the dry season, and those in March 2014
as representative of the wet season.
With an average evapotranspiration of 4.2mm d−1 [Kumagai et al., 2005], we es-
timated the average annual discharge for the Lupar river to be 490 and 160m3 s−1
for the Saribas river. The flow velocities were estimated to be 2.5 ± 1.4m s−1 (aver-
age± largest deviation from average) for the Lupar river, 0.7± 0.7m s−1 for the Saribas
and 0.8± 1.0m s−1 for the Saribas tributary. Note that the measurements were taken
during different stages of the tidal cycle, which explains the large variability.
Jan Mar May Jul Sep Nov
0
50
100
150
200
250
300
350
400
450
Pr
ec
ip
ita
tio
n 
(m
m
/m
on
th
)
average 1980-2014
2013
2014
Figure 5.2.: Average monthly precipitation during 1980–2014 (black), monthly precipi-
tation in 2013 (green) and 2014 (red). The bars indicate the rainfall during
our sampling months. It can be seen that the rainfall pattern was not much
different from the historical average during these periods.
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DOC (µmol L−1) POC (µmol L−1) DIN (µmol L−1) DO (%)
dry wet dry wet dry wet dry wet
Lupar OE 142∗ n.d. 62∗ n.d. 7∗ n.d. n.d. n.d.
Saribas OE n.d. 244∗ n.d. 42∗ n.d. 18∗ n.d. 100.4∗
Lupar ME 340 338 456 650 22 20 70.8 94.4
Saribas ME 258 281 766 292 30 14 82.8 85.8
Saribas 685 374 2040 281 22 11 n.d. 82.8
tributary
Lupar UE 89 208 79 131 5 5 84.4 93.3
Saribas UE 312∗ n.d. 4114∗ n.d. 19∗ n.d. 63.6∗ n.d.
Table 5.1.: Dissolved organic carbon (DOC), particulate organic carbon (POC) and dis-
solved inorganic nitrogen (DIN) median concentrations and oxygen satura-
tion in the Lupar and Saribas estuary. OE: Outer estuaries (salinity > 25).
ME: Mid-estuaries (salinity 2–25, for the 2013 spatial extent of the rivers).
UE: upper estuaries. ∗ denotes that only one data point was available.
5.3.2. Water chemistry
Our data covered a salinity range of 0–30.6 in 2013 and 0–31.0 in 2014. pH ranged
between 6.7 and 8.0 in the dry season (2013) and between 6.8 and 7.6 in the wet season
(2014) and was positively correlated with salinity (r = 0.8, data from both years).
Notably, at salinity zero, pH was higher than suggested by this correlation, and ranged
between 6.7 to 7.3 (both seasons).
DIN concentrations were generally rather low. During the dry season, DIN ranged
between 1.7 and 87.1µmol L−1, whereas most concentrations were between 15 and
30µmol L−1. In the wet season, DIN concentrations ranged between 3.4 and 21.7µmol L−1.
The medians for the individual estuaries show that overall, DIN concentrations were
slightly higher in the dry season (Table 5.1).
Dissolved oxygen was mostly slightly undersaturated. Oxygen saturation was lower
in the dry season than in the wet season (Table 5.1), with oxygen saturation ranging
between 63.6 to 94.6% (2013) and 79.0–100.4% (2014). These values correspond to an
AOU between 14 and 93µmol L−1 (2013) and −1 and 52µmol L−1 (2014), respectively.
Negative AOU suggests net oxygen production and was only observed once in the outer
estuary.
5.3.3. Organic carbon
DOC ranged from 80 to 784µmol L−1 in the dry season and from 172 to 1180µmol L−1
in the wet season and was negatively correlated with salinity (Fig. 5.3), indicating that
freshwater supplies DOC to the estuary, while seawater has a dilution effect. However,
the end-member determined from the salinity-DOC correlation was not confirmed by
the samples taken in the upper estuaries: the calculated end-member for Lupar was
673± 274µmol L−1 (intercept of the regression curve± standard error of the estimate),
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the measured freshwater DOC median was 89µmol L−1 (2013) and 208µmol L−1 (2014).
For Saribas, the calculated endmember was 425± 54µmol L−1, and the measured value
was 312µmol L−1 (2013, Table 5.1). This discrepancy is owed to the fact that the
peatlands, which are likely the main source of allochthonous organic carbon, are located
in the coastal area, downstream of our freshwater stations (Fig. 5.1). In a different
study, we found DOC concentrations in a peat-draining river on the Maludam peninsula
between 3612 and 3768µmol L−1 [Müller et al., 2015]. With the average (3690µmol L−1)
as a second zero-salinity end-member, we estimated how much carbon derives from peat-
draining tributaries from the Maludam peninsula using a simple three-point mixing
model (Fig. 5.3). The Maludam contribution f (in %) was calculated as
f =
EMcalc − EMmeas
EMMaludam − EMmeas · 100, (5.6)
with EMcalc the calculated end-member, EMmeas the measured end-member andEMMaludam
the peat-draining rivers’ end-member. Accordingly, 15 % of the DOC in the Lupar river
is derived from peat-draining tributaries, and 3 % of DOC in the Saribas river. The
total DOC export to the ocean from Lupar and Saribas was estimated from the cal-
culated zero-salinity end-members (673 and 425µmol L−1, respectively), assuming that
they provide an average of non-peat and peat freshwater inputs, and annual average
discharge. Accordingly, Lupar and Saribas together convey 0.15± 0.05Tg yr−1 DOC to
the South China Sea (Table 5.4).
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Figure 5.3.: Dissolved organic carbon (DOC) concentrations vs. salinity in the Lupar (a)
and Saribas (b) estuaries. The red marker refers to the zero salinity end-
member in the peat-draining tributaries. The lines indicate mixing of the
different water masses.
Both the Lupar and the Saribas estuary were very turbid. Suspended particulate
matter (SPM) ranged from 3.7 to 5003.6mg L−1 in 2013 and from 13.8 to 3566.7mg L−1
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in 2014. SPM was highest at intermediate salinities in the Lupar river, suggesting the
existence of an estuarine turbidity maximum (ETM). Particulate organic carbon (POC)
was higher during the dry season (Table 5.1), ranging from 51 to 4114µmol L−1 in 2013
and from 17 to 2907µmol L−1 in 2014. The atomic carbon-to-nitrogen (C/N) ratio of
particulate organic matter (POM) ranged between 8.5–14.1 in 2013 and 8.1–13.8 in 2014.
δ13C values ranged between −28.5 and −25.5h in 2013 and −27.6 to −24.4h in 2014.
In contrast, the C/N ratio in the dissolved organic matter (DOM) was much higher: it
ranged between 10.9 and 81.8 (2014 data), whereas the lowest value was measured on the
Lupar river, upstream of the Maludam peninsula, and the highest value was measured
on the Lupar river at the mouth of a peat-draining left-bank tributary (see Fig. 5.1).
The average for all samples was 40.6.
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Figure 5.4.: Carbon-to-nitrogen (C/N) ratios in dissolved organic matter (a) and in
particulate organic matter (b). Blue markers refer to samples from 2013,
yellow markers refer to samples from 2014. The individual rivers are denoted
by different symbols. Lines refer to the C/N ratios that would be expected
for tropical peat and leaves [Baum, 2008] and for phytoplankton.
Since POC was not conservatively transported through the estuary, the export of
POC to the South China Sea was estimated from the median POC concentration and
discharge (see Supplement). 0.15TgC yr−1 are estimated to be delivered from the Lupar,
and another 0.06TgC yr−1 from the Saribas (Table 5.4). Taken together with the DOC
export, this implies that Lupar and Saribas deliver approximately 0.36± 0.30Tg organic
carbon to the South China Sea every year, more than half of which is bound to particles.
5.3.4. CO2 and CO
In both years, both CO2 and CO were found to be above atmospheric equilibrium,
indicating that the Lupar and Saribas estuaries were net sources of these gases to the
atmosphere.
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pCO2 (µatm) CO (nmol L−1)
dry wet dry wet
Lupar OE 618± 44 662± 36 0.3± 0.1 0.7± 0.1
Saribas OE n.d. n.d. n.d. n.d.
Lupar ME 2461± 574 1849± 881 1.4± 1.1 0.5± 2.7
Saribas ME 2240± 442 2235± 304 0.5± 0.9 0.7± 0.7
Saribas tributary 5064± 840 2925± 789 0.5± 0.7 0.4± 0.5
Lupar UE 1527± 38 1021± 357 n.d. n.d.
Saribas UE 1159± 29 n.d. n.d. n.d.
Table 5.2.: Median CO2 partial pressures and CO concentrations, respectively. OE:
Outer estuaries (salinity > 25). ME: Mid-estuaries (salinity 2–25, for the
2013 spatial extent of the rivers). UE: upper estuaries. Values are me-
dian± one standard deviation.
CO2 ranged from 297.3 to 5504.0µatm in 2013 and from 326.5 to 5014.1µatm in 2014.
CO2 increased with decreasing salinity, indicating that high CO2 can be attributed to
freshwater input (Fig. 5.5). However, matters were different for the freshwater samples.
The measured freshwater end-member CO2 was relatively moderate (1021–1527µatm).
Table 5.2 summarizes the median pCO2 values in the outer, mid- and upper estuaries.
It can be seen that like DOC, CO2 was highest in the mid-estuaries. The difference
between dry and wet season pCO2 was marginal (see Fig. 5.5). Although excess CO2 (in
µmol L−1) was weakly correlated with AOU for the individual datasets, higher AOU in
the dry season did not concur with higher excess CO2 (Fig. 5.6) with the exception of
the Saribas tributary (see discussion below).
Interestingly, Saribas and its tributary had a higher CO2 level (i.e., higher CO2 at the
same salinity) than Lupar, but not higher DOC. δ13C-DIC ranged from −0.85h in the
lower estuary to −15.70h in the freshwater region and varied approximately linearly
with salinity (not shown).
CO ranged from <0.1 to 6.6 nmol L−1 in the dry season (2013) and from 0.2 to
12.4 nmol L−1 in the wet season (2014) and was spatially variable (Fig. 5.5). Median
values are summarized in Table 5.2. CO concentrations were higher during daytime
than during the night, independent of the boat’s location (Fig. 5.7). In both years,
maximum CO concentrations were observed around noon and in the early afternoon.
CO concentrations were not correlated with salinity, DOC, POC or SPM (not shown).
5.3.5. CO2 and CO fluxes
The CO2 fluxes measured with the floating chamber showed large spatial variations and
ranged from 63 to 935mmol m−2 d−1. The lowest flux was measured in the Saribas
mid-estuary, and the highest flux was measured on the Saribas tributary. k600 values
were averaged for the individual rivers and are reported with the largest deviation of
a single measurement from the mean. The Saribas tributary, which was the smallest
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Figure 5.5.: Salinity (a and b), CO2 partial pressures (c and d) and CO concentrations
(e and f) measured during the two cruises in 2013 (left column) and 2014
(right column).
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Figure 5.6.: Apparent oxygen utilization (AOU) vs. excess CO2. Blue markers refer
to samples from 2013, yellow markers refer to samples from 2014. The
individual rivers are denoted by different symbols.
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of the studied rivers, had the highest k600 of 23.9 ± 14.8 cm h−1. The largest river,
Lupar, had a high k600 of 20.5± 4.9 cm h−1 as well, which is probably owed to the high
flow velocity (2.5m s−1). The Saribas main river had a k600 of 13.2± 11.0 cm h−1, with
large spatial variability. The wind speed averaged 3.0m s−1 during our 2013 sampling
period and 2.3m s−1 during the 2014 sampling period. The average k600 calculated with
W92 were one order of magnitude lower than the experimentally determined ones, with
3.1 cm h−1 during the dry season and 1.9 cm h−1 during the wet season.
Atmospheric pCO2 averaged 403.6µatm in the dry season (2013) and 414.4µatm in
the wet season (2014). CO2 fluxes were calculated for every datapoint using updated
solubilities, pCO2 values and exchange velocities and the average atmospheric partial
pressure. The two estimates that were obtained for the two different seasons (2013
spatial extent) were averaged and the uncertainty was estimated from the uncertainty
associated with the gas exchange velocity, which proved to cause the largest error. CO
fluxes were derived in the same way. Atmospheric CO monthly averages from the NOAA
ESRL data set were available from 2004 to 2013. For our dry season data, we used the
monthly average for June 2013 (77.91 ppb, corresponding to 77.49 natm), and for our
wet season data, we calculated the average CO mixing ratio in March for the years that
were available (145.93 ppb, corresponding to 145.58 natm).
The calculated CO2 and CO fluxes in the outer, mid- and upper estuaries are sum-
marized in Table 5.3. CO2 fluxes ranged between 14 and 272mol m−2 yr−1 and CO
fluxes between 0.8 and 1.9mmol m−2 yr−1. Fluxes for the outer estuary were derived
for the Lupar river (Fig. 5.5). Estimates for the upper estuaries were based on our
pCO2 measurements in the freshwater region and the average k600 of Lupar and Saribas,
respectively (Table 5.3).
Like pCO2, the CO2 fluxes were highest in the mid-estuaries, ranging between 76 and
272mol m−2 yr−1. The CO flux from Lupar was twice as high in the mid-estuary than
in the outer estuary.
In order to calculate the total flux from these estuaries, we estimated the estuarine
surface area of both systems in ArcGIS (for details see Supplement). The Lupar estuary
has a surface area of 220 km2, which corresponds to 3% of the catchment area, and
the Saribas (excluding the tributary) estuary has a surface area of 102 km2 (5% of the
catchment). The total flux for the Lupar is 0.31± 0.09 and 0.09± 0.08TgC yr−1 for
the Saribas (see Table 5.4). The contribution of CO to these terms is negligible. The
contribution of the upper estuaries and rivers was calculated by assuming that they cover
0.89% of the catchment area [Raymond et al., 2013]. For the percentage of the catchment
that is covered by peat, we used a previously published estimate for the areal flux from
a peat-draining river in this region (Fpeat, areal = 167–386mol m−2 yr−1, Müller et al.
[2015], we used the average of 277± 110mol m−2 yr−1). For the rest, we used the flux
that we determined for the upper estuary (FUE,areal = 60± 14 and 33± 28mol m−2 d−1
for Lupar and Saribas, respectively). The calculations and the error budget are detailed
in the Supplement.
Accordingly, the Lupar upper estuary and river network add 0.09± 0.03TgC yr−1 and
the Saribas 0.02± 0.01TgC yr−1 (Table 5.4). Taken together, the Lupar and Saribas
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FCO2 (mol m−2 yr−1) FCO (mmol m−1 yr−1)
OE ME UE OE ME
Lupar 14± 3 119± 28 60± 14 0.9± 0.2 1.9± 0.5
Saribas n.d. 76± 64 33± 28 n.d. 0.8± 0.6
Saribas tributary n.d. 272± 167 n.d. n.d. 0.9± 0.6
Table 5.3.: CO2 and CO fluxes measured in the Lupar and Saribas estuaries. OE: Outer
estuaries (salinity > 25). ME: Mid-estuaries (salinity 2–25, for the 2013
spatial extent of the rivers). UE: upper estuaries.
Lupar Saribas Total
CO2 emissions from rivers (peat) 0.06± 0.02 0.02± 0.01 0.08± 0.03
CO2 emissions from UE and rivers (non-peat) 0.03± 0.01 < 0.01 0.03± 0.01
Total riverine CO2 emissions 0.09± 0.03 0.02± 0.01 0.11± 0.04
Estuarine CO2 emissions 0.31± 0.09 0.09± 0.08 0.40± 0.17
Total aquatic emissions 0.40± 0.12 0.12± 0.10 0.52± 0.22
DOC export 0.12± 0.05 0.03± 0.01 0.15± 0.05
POC export 0.15± 0.18 0.06± 0.07 0.21± 0.25
TOC export 0.27± 0.23 0.09± 0.07 0.36± 0.30
Table 5.4.: Total CO2 fluxes estimated for the Lupar and Saribas aquatic systems. All
numbers are in TgC yr−1.
estuaries and rivers release approximately 0.5± 0.2TgCO2-C yr−1 to the atmosphere,
approximately 80% of which comes from the mid-estuaries.
5.4. Discussion
5.4.1. Sources of carbon in the estuaries
It is striking that both DOC and CO2 exhibit their maximum concentrations at interme-
diate salinities, and that the concentration that would be expected for the zero-salinity
endmember is overestimated if based on the correlation with salinity. As indicated above,
we attribute this to the location of the peatlands. On the northwestern coast of Borneo,
tidal intrusion can reach up to 200 km inland [Kselik and Liong, 2004]. In the Lupar and
Saribas river, saltwater intrusion reaches beyond the extent of the peatlands. Since they
likely provide major organic carbon inputs, maximum DOC and CO2 concentrations are
observed at intermediate salinites.
The C/N ratios observed in particulate organic matter (POM) were compared to those
reported for peat, leaves [Baum, 2008] and phytoplankton (Fig. 5.4). Accordingly, the
C/N in POM (8.1–14.1) is likely a mixed signal from marine and terrestrial sources
(Fig. 5.4), which is in agreement with the relatively low δ13C values. The C/N ratios in
the dissolved organic matter (DOM) clearly suggest a terrestrial origin (average: 40.6)
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and are consistent with both plant and peat derived organic matter (Fig. 5.4). Based
on the calculated zero-salinity end-members, we estimated that 15% of the DOC in
the Lupar and 3% of the DOC in the Saribas estuary were derived from peat-draining
tributaries. This is not as much as expected, given that peatlands cover 30.5 and 35.5%
of the catchments. Therefore, there must be retention of DOC in the estuary.
5.4.2. Fate of carbon in the estuaries
Likely, a part of the DOC that reaches the Lupar and Saribas estuaries is retained
through adsorption and flocculation, which are promoted by mixing of saltwater and
freshwater masses. Ertel et al. [1991] found that 1 to 12% of DOC was converted to
POC during laboratory experiments due to changes in salinity. The transformation of
DOC to POC in the presence of saltwater was attributed both to particle precipitation
and to adsorption of DOM onto riverine particles. Due to the high SPM concentrations
in the Lupar and Saribas estuaries, we think that adsorption could be an important
process there as well. A partial conversion of DOC to POC is consistent with the high
POC concentrations and with the C/N ratios in POM.
Additionally, we found evidence that DOC is respired in the estuary. To begin with,
like DOC, CO2 is highest in the mid-estuary. The correlation of AOU and CO2 and
the depletion in δ13C-DIC suggest that this CO2 derives mainly from aerobic respira-
tion of organic matter. This respiration might be promoted by two processes. Firstly,
the addition of DOC by peat-draining tributaries contributes substrate for in-situ CO2
production. Secondly, estuarine CO2 levels are usually highest in the ETM [Abril and
Borges, 2004], where high turbidity limits the light penetration depth and thereby also
photosynthetic CO2 uptake. At the same time, the residence time of organic matter is
prolonged [Abril et al., 1999], and particle-attached bacteria get the chance to decompose
organic matter [Crump et al., 1998], resulting in pronounced net heterotrophy.
Although pCO2 is relatively high, oxygen depletion is quite moderate in compari-
son. For example, Chen et al. [2008] measured CO2 partial pressures between 690 to
2680µatm in the eutrophicated Pearl river estuary (see Table 5.5) along with AOU up
to 239µmol kg−1, resulting in hypoxia at the river mouth. Although we found similarly
high and even higher pCO2, oxygen depletion was much less pronounced. This suggests
that more oxygen is available in the Lupar and Saribas estuaries. Reaeration might be
more efficient, i.e. oxygen fluxes across the air–water interface are higher, which could
be explained by a high gas exchange velocity, consistent with our measurements, and
a shallower water column.
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In addition to estuarine respiration, the diurnal CO cycle observed in the Lupar and
Saribas estuaries (Fig. 5.7) suggests that photodegradation is another pathway for DOC
removal. This diurnal pattern is well known for ocean surface water and explained by
a balance of light-dependent production of CO and microbial consumption [Conrad and
Seiler, 1980, Conrad et al., 1982, Ohta, 1997]. Average CO concentrations in the Lupar
and Saribas estuaries were lower than in the East China Sea and Yellow Sea (average
2.25 nmol L−1, Yang et al. [2011], see Table 5.5), which can be attributed to the high
turbidity. A high concentration of suspended particulates limits the light penetration
depth and increases microbial CO consumption [Law et al., 2002]. On the other hand,
CO can also be produced by particles [Xie and Zafiriou, 2009], which would have the
opposite effect. Since we did not observe a correlation of CO and SPM, this relationship
seems to be rather complex. Ultimately, another reason for the low CO concentrations
could be that the terrestrial DOM in the Lupar and Saribas estuaries is not so susceptible
to photodegradation, which would be in contrast to other studies [Valentine and Zepp,
1993, Zhang et al., 2006].
However, it would be too fast to conclude that photochemistry is only of little rele-
vance for the DOM removal in our study area. First of all, most CO is probably produced
directly at the water surface and might quickly escape to the atmosphere. We might
not have captured this volatile CO fraction with our measurements, since we sampled
water from 1m below the surface. CO concentrations usually decline rapidly with water
depth [Ohta et al., 2000], so the numbers presented here can be considered conserva-
tive. Secondly, the relevance of photochemistry amounts to more than CO production.
Amon and Benner [1996] suggested that photochemical processes play a key role in the
breakdown of DOM into compounds that are more readily available for bacterial res-
piration, such as formaldehyde, acetaldehyde, glyoxylate and pyruvate. However, the
overall relevance of photochemistry for the removal of DOM in our study area remains
a bit uncertain and would merit further investigation.
5.4.3. Comparison dry season vs. wet season
Expectedly, the differences between dry season and wet season DOC were marginal,
which is in agreement with other studies in this region. Moore et al. [2011] argued that
DOC concentrations vary only little, because DOC is released to rivers throughout the
year due to the high precipitation. They found that merely POC concentrations exhib-
ited a clear seasonality, with higher concentrations during the dry season. Consistently,
this was also observed in our study. The higher AOU and DIN values in the dry season
indicate that respiration was higher then, possibly due to enhanced respiration of POC.
The higher availability of POC in the dry season was most obvious in the Saribas and
its tributary, whereas in the latter, the hypothesis of POC-enhanced respiration is con-
firmed by slightly higher pCO2. For Lupar and the Saribas main river, though, we did
not observe any major differences between wet and dry season pCO2 and CO concen-
trations. The weak seasonal variability has some general implications for the research
in our study area, which is mostly based on single campaigns and not on continuous
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measurements due to poor infrastructure. The little variation that we observe between
our wet and dry season measurements could imply that single measurement campaigns
in this region provide better insights than previously assumed. However, measurements
at the peak of the monsoon season would be desirable to confirm this hypothesis.
5.4.4. CO2 and CO fluxes
It has been previously suggested that Southeast Asian estuaries are rather moderate
sources of CO2 to the atmosphere, because of low wind speeds and consequently low
transfer velocities [Chen et al., 2013]. We cannot confirm this notion with our measure-
ments. CO2 emissions from both the Lupar mid-estuary (119± 28mol m−2 yr−1) and
the Saribas tributary (272± 167mol m−2 yr−1) are higher than the global average of
37.4mol m−2 yr−1 for mid-estuaries [Chen et al., 2012]. Similarly, the value reported for
small deltas in this region is 41.8mol m−2 yr−1 [Laruelle et al., 2013], which is also lower
than the fluxes from Lupar and the Saribas tributary. The fluxes from the Saribas mid-
estuary appear to be higher than those values, too (76± 64mol m−2 yr−1), but we cannot
ascertain this because of the large uncertainty range. Interestingly, the fluxes that we
found are also more than one order of magnitude higher than areal fluxes reported for
Indian monsoonal estuaries [Sarma et al., 2012] and for other Malaysian rivers [Chen
et al., 2013], see Table 5.5. However, flux estimates depend critically on the gas exchange
velocity: both Sarma et al. [2012] and Chen et al. [2013] used the W92 parameteriza-
tion for calculating the gas exchange velocity. In order to see whether the discrepancy
between our results and theirs is a consequence of the different gas exchange velocities
used, we recalculated fluxes for our study area using W92 (see Table 5.5). This way,
we obtained fluxes between 2 and 31mol m−2 yr−1. The values for the mid-estuaries
(12–31mol m−2 yr−1) are still higher than the values of Chen et al. [2013] and could
indicate that the presence of peatlands makes quite a difference for CO2 emissions from
tropical estuaries.
CO flux estimates were in a similar range as those obtained for the Mauritanian
upwelling [Kitidis et al., 2011], those reported for the Equatorial Pacific upwelling [Ohta,
1997] and for the East China Sea and Yellow Sea [Yang et al., 2011] (see Table 5.5).
However, if we use our W92 estimates for comparison, it seems that CO fluxes are rather
low in our study area, consistent with the observation that CO concentrations appear
to be rather low, as discussed above.
Both the CO2 flux estimates and the CO flux estimates presented in this study and
elsewhere depend critically on the gas exchange velocity. The W92 exchange velocities
differed considerably from our experimental values, yielding much lower fluxes. We
believe that the W92 parameterization, which was derived for the ocean, is not suitable
for estuaries, though frequently used. It does not account for the turbulence created by
tidal currents and water flow velocity. Borges et al. [2004] showed that the contribution
of the water-current related gas exchange velocity to the total gas exchange velocity
was substantial at low wind speeds, which are prevalent in our case, too. Therefore,
we think that it is more accurate to use empirically determined exchange velocities over
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wind speed parameterizations.
The performance of FCs has been a matter of debate. Arguments exist both for FCs
leading to over- and underestimation of the flux: because they shield the water surface
from wind, they may reduce the gas exchange [Frankignoulle, 1988]. However, in our
case, the FC-derived exchange velocities were much higher than the W92 ones, so that
here, the question is rather whether the FC lead to an overestimation of the flux. This
would have been the case if the chamber had created artificial turbulences. Indeed, this
has been discussed as one of the major weaknesses of the FC method [Matthews et al.,
2003, Vachon et al., 2010], although FCs are more susceptible to disruptions in low-
turbulence environments than in high-turbulence environments [Vachon et al., 2010]. In
contrast, a recent study found a rather good agreement between floating chamber and
eddy covariance measurements on a river [Huotari et al., 2013], which suggests that the
accuracy of FC measurements is also a matter of design. We intended to avoid creation
of artificial turbulence by (1) using short wall extensions of the chamber into the water
(ca. 1 cm), which is thought to decrease the artificial turbulence by making the chamber
more stable [Matthews et al., 2003], and (2) letting the chamber float freely next to the
boat.
Taken together, Lupar and Saribas deliver 0.4Tg organic carbon to the South China
Sea every year and release 0.5Tg yr−1 to the atmosphere as CO2. Approximately 80%
of the evasion from aquatic systems in the two catchments came from the mid-estuaries.
This is noteworthy, since it was recently shown that CO2 emissions from a blackwater
stream on the Maludam peninsula are actually relatively moderate. Müller et al. [2015]
showed that due to the short water residence time, 64–84% of the carbon that this peat-
draining river conveyed was exported laterally. Our results imply that a large fraction
of this carbon is respired in the adjacent estuaries and released to the atmosphere.
Within the uncertainties, we can state that the aquatic CO2 emissions appear to be
approximately as high or higher than the TOC export (Table 5.4). Since only 15 and
3% of the DOC in the Lupar and Saribas estuaries were derived from peat-draining
tributaries, additional DOC from marine sources or intertidal flats might support net
heterotrophy in the estuaries. Another factor adding to the high CO2 fluxes is the large
variability of pH. pH varied spatially by 1.3 (2013) and 0.8 (2014). This can partially be
attributed to the inputs from peat-draining rivers, which are highly acidic [Kselik and
Liong, 2004, Müller et al., 2015]. Lower pH shifts the carbonate system towards more
free CO2, supporting the release of CO2 to the atmosphere in the mid-estuaries.
Conclusively, while the residence time in the peat-draining tributaries might be in-
sufficient to allow for the transformation of peat-derived organic matter, respiration in
the estuary is supported by the prolonged residence time and high oxygen availability.
Acidic, high-DOC water from peat-draining tributaries contributes to the emission of
large quantities of CO2 to the atmosphere.
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CO2
Site pCO2
(µatm)
FCO2
(molm−2 yr−1)
k
model
Reference
outer estuaries 618–662 14 FC This study
in Sarawak, MY 2 W92
mid-estuaries 1849–5064 76–272 FC This study
in Sarawak, MY 12–31 W92
upper estuaries 1021–1527 33–60 FC This study
in Sarawak, MY 6–7 W92
Malaysian estuaries n.d. 0.4–6.3 W92 Chen et al. [2013]
Indonesian estuaries n.d. 8.5–54.1 W92 Chen et al. [2013]
Pearl river estuary,
CN
690–2680 n.d. n.d. Chen et al. [2008]
Brazilian estuaries 162–8638 0.3–63.9 RC01 Noriega and Araujo
[2014]
Indian estuaries 300–18 492 −0.01–132.1 W92 Sarma et al. [2012]
CO
Site CO
(nmol L−1)
FCO
(mmolm−2 yr−1)
k
model
Reference
outer estuaries 0.3–0.7 0.9 FC This study
in Sarawak, MY < 0.1 W92
mid-estuaries 0.4–1.4 0.8–1.9 FC This study
in Sarawak, MY 0.1–0.3 W92
Seto Inland Sea n.d. 0.7–4.0 LM86 Ohta et al. [2000]
and Ise Bay, JP
Equatorial Pacific 1.9–7.7 1.4–1.6 LM86 Ohta [1997]
Mauritanian 0.1–6.2 1.7–3.5 N00 Kitidis et al. [2011]
upwelling
East China and 0.1–7.0 0.4–6.8 W92 Yang et al. [2011]
Yellow Sea
Table 5.5.: Comparison of CO2 and CO values for partial pressure and concentration,
respectively, and fluxes for different tropical and subtropical sites. The gas
exchange velocity k used to calculate the flux was determined using differ-
ent approaches: FC= floating chamber measurements. W92=Wanninkhof
[1992]. N00=Nightingale et al. [2000]. LM86=Liss and Merlivat [1986].
RC01=Raymond and Cole [2001].
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5.5. Conclusions
Overall, we conclude that these estuaries in a peat-dominated region receive substantial
amounts of terrestrial organic carbon, parts of which are contributed by peat-draining
tributaries. We found evidence that aerobic respiration removes DOC, resulting in net
heterotrophy. Possibly, DOC degradation is supported by photochemistry, but to as-
sess the magnitude and importance of this pathway, further investigation is required.
Additionally, we hypothesize that a fraction of the DOC is physically removed by ad-
sorption. This highlights how these estuaries function as an efficient filter between land
and ocean. Unlike small peat-draining rivers, which tend to export most organic carbon
downstream, the adjacent estuaries seem to trap a large fraction of this terrestrial or-
ganic carbon. This means that the carbon export to the continental shelf is reduced, at
the price of CO2 production and, ultimately, emission from the estuary.
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Abstract
Most estuaries are sources of nitrous oxide (N2O) and methane (CH4) to the atmosphere.
Our present knowledge of estuarine N2O and CH4 emissions in the tropics is very limited
because data are scarce. In this study, we present measurements from two estuaries
and the adjacent coastal waters in a peat-dominated region of northwestern Borneo.
Two campaigns were conducted in the estuaries of the rivers Lupar and Saribas and
one in the coastal ocean. In comparison to nutrient-poor peat-draining rivers in this
region, the Lupar and Saribas estuaries were slightly eutrophic, which, however, did
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not cause enhanced N2O production. Median N2O concentrations ranged between 7.2
and 12.3 nmol L−1 and were higher in the marine end-member (13.0 ± 7.0 nmol L−1).
The spatial distribution of N2O in the estuaries was distinct and strikingly similar in
the dry and wet season. Unexpectedly, N2O concentrations were unrelated to inorganic
nutrient levels. As a consequence, the use of emission factors, i.e. the calculation of
N2O emissions from the inorganic nitrogen load, leads to an overestimation of the flux.
In total, the Lupar and Saribas estuaries released 4 ± 1 tN yr−1 and 3 ± 2 tN yr−1.
CH4 was low in the coastal ocean (3.6 ± 0.2 nmol L−1) and higher in the estuaries
(medians between 12.2 and 64.0 nmol L−1). Within the estuaries, CH4 dynamics were
not driven by freshwater input but rather by tidal variations. We estimated that the
Lupar and Saribas estuaries released 84 ± 24 tCH4-C yr−1 and 27 ± 24 tCH4-C yr−1 to
the atmosphere.
6.1. Introduction
Nitrous oxide (N2O) and methane (CH4) are important anthropogenic greenhouse gases,
whose global warming potentials exceed that of carbon dioxide (CO2) by far (a factor
of 265 for N2O and 28 for CH4 on a 100 years time horizon, respectively [Myhre et al.,
2013]). Rivers and estuaries are considered hotspots for the production and emission of
N2O [Bange et al., 1996, Bange, 2006a,b] and account for approximately 20 % of the
global anthropogenic N2O emissions [Seitzinger and Kroeze, 1998]. Globally, estuarine
surface waters were said to release 0.1-0.4 TgN2O-N yr−1 to the atmosphere [Murray
et al., 2015]. This estimate relied on 23 studies in estuarine open waters, one of which
was conducted in the tropics (India). Consequently, the poor data coverage in the tropics
is likely to lead to some considerable bias.
A second approach to estimating estuarine N2O emissions is the use of numerical
models, which simulate dissolved inorganic nitrogen (DIN) loads in rivers and calculate
the associated N2O emissions for the estuaries using emission factors [Seitzinger and
Kroeze, 1998, Kroeze et al., 2010, Ivens et al., 2011]. Although this led to a similar
estimate for estuarine N2O emissions [0.22 TgN yr−1, Seitzinger and Kroeze, 1998] as the
measurement-based approach, the use of emission factors was criticized either because
they were inaccurate [Beaulieu et al., 2011], or it was questioned whether the use of
emission factors is appropriate at all [Rosamond et al., 2012].
Emission factors rely on the assumption that a percentage of the DIN load to rivers
and estuaries is converted to N2O and released to the atmosphere. Mosier et al. [1998]
proposed an estuarine emission factor of 0.0025 kgN2O-N/kg N leaching and runoff,
whereas a threefold higher factor of 0.0075 kgN2O-N/kg N leaching and runoff was sug-
gested more recently [Beaulieu et al., 2011]. The concept that a certain percentage of
the DIN load is released to the atmosphere as N2O refers back to the main sources of
N2O in aquatic systems, which are nitrification and denitrification. Nitrification is the
transformation of ammonium (NH+4 ) to nitrate (NO
−
3 ). N2O can be yielded as a byprod-
uct. This process was identified as the main source of oceanic N2O [Freing et al., 2012]
and responsible for enhanced N2O in a number of Indian monsoonal estuaries [Rao and
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Sarma, 2013]. Denitrification, which is favored under suboxic conditions [Bange, 2008],
is the reduction of nitrate (NO−3 ) or nitrite (NO
−
2 ) to N2 gas. N2O is produced as an
intermediate [Bange, 2008]. This pathway was responsible for most of the N2O pro-
duction in the eutrophic Colne estuary, UK [Robinson et al., 1998], and in the western
Indian continental shelf, where denitrification intensified due to hypoxia [Naqvi et al.,
2000]. However, under anoxic conditions, denitrification can also lead to N2O consump-
tion [LaMontagne et al., 2003, Bange, 2008]. Thus, oxygen is key to understanding N2O
dynamics in estuaries.
The same is true for CH4, which is only produced under strictly anoxic conditions.
Therefore, CH4 dynamics in estuaries depend on the hydrodynamics: In stratified sys-
tems, methanogenesis can occur in anoxic sediments [Koné et al., 2010], while in well-
mixed systems, estuaries tend to function as a mixing zone of the marine and freshwater
end-member [de Angelis and Lilley, 1987]. Similarly, in tidal systems, sediments get
frequently aerated, so that methanogenesis is unlikely to occur [Borges and Abril, 2011].
The influence of sulfate-rich marine water can also lead to the inhibition of CH4 produc-
tion, as methanogens are outcompeted by sulfate reducing bacteria [Borges and Abril,
2011]. Besides CH4 production within the estuarine sediments, potential sources include
input from rivers, intertidal sediments [Borges and Abril, 2011] and tidal creeks [Mid-
delburg et al., 2002]. Loss of CH4 is due to ventilation to the atmosphere [de Angelis
and Lilley, 1987] or oxidation within the water column [de Angelis and Scranton, 1993].
Borges and Abril [2011] estimated that 56 % of all estuarine CH4 emissions come from
stratified systems and another 36 % from tidal marshes. Well-mixed waters were as-
signed a relatively minor contribution of about 4 % to the total CH4 flux from estuaries
of about 3 TgCH4 yr−1. These authors note that in this global estimate, emissions from
fjords and fjards are probably overestimated, because they were based on only two stud-
ies which coincidentally both had anoxic bottom waters, thus high CH4 concentrations.
As for N2O, one big challenge in estimating global CH4 emissions from estuaries is the
poor data coverage. Most research on CH4 emissions from estuaries has been conducted
in Europe [Middelburg et al., 2002, Bange, 2006a] and the United States [de Angelis and
Lilley, 1987, Sansone et al., 1999]. Recently, some studies in subtropical [Chen et al.,
2008, Musenze et al., 2014] and tropical regions [Shalini et al., 2006, Biswas et al., 2007,
Koné et al., 2010] have supplemented this dataset. However, all of these systems have
very different characteristics and range from stratified lagoons [Koné et al., 2010], highly
polluted estuaries [Chen et al., 2008] and mangroves [Biswas et al., 2007] to shallow
embayments [Shalini et al., 2006].
In this study, we present N2O and CH4 measurements from two macrotidal Southeast
Asian estuaries and the adjacent coastal ocean. We measured dissolved N2O and CH4
concentrations in the surface water along with oxygen, inorganic nutrients and a number
of ancillary parameters, which have been published elsewhere [Müller et al., 2015b]. We
estimated the water-to air flux for the estuaries and compared the data to numbers
from the literature. Southeast Asia is of high interest not only because of the poor
data coverage, but also due to peatlands, which cover the coastal area of the islands of
Sumatra and Borneo. Peat-draining rivers are usually rich in dissolved organic carbon
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(DOC) and low in inorganic nutrients and oxygen. The impact of these peat-draining
tributaries on the N2O and CH4 concentrations in the estuaries and the coastal ocean
will be contemplated in this study as well as the effect of anthropogenic eutrophication.
6.2. Materials and methods
6.2.1. Study area
Malaysia harbors 6 % of the tropical peatland area or 25,889 km2 [Page et al., 2011].
The country is geographically divided into Peninsular Malaysia (West Malaysia) and
Malaysian Borneo (East Malaysia) by the South China Sea (SCS), whereas this part
of the SCS lies above a continental shelf (Sunda shelf). Sarawak on the northwestern
Bornean coast (see Fig. 6.1a) is Malaysia’s largest state with an area of 124,450 km2.
Approximately 12 % of this area is covered by peatlands [Chai, 2005]. These peats are of
Holocene origin [Dommain et al., 2011], dome-shaped and rainwater-fed [Joosten et al.,
2012]. It was estimated that 41 % of the peatlands in Sarawak are covered by oil palm
plantations [SarVision, 2011].
Rainfall is plentiful in Sarawak, with an average (1961-1990) of 4101 mm yr−1 in the
capital Kuching (1.56◦N, 110.35◦W) [Deutscher Wetterdienst (DWD), 2007]. The mean
annual air temperature is 26.1◦C (average 1961-1990, Deutscher Wetterdienst (DWD)
[2007]). Between November and February, Sarawak has enhanced rainfall due to the
northeastern monsoon. June and July are the driest months [Deutscher Wetterdienst
(DWD), 2007].
Two macrotidal estuaries which enclose Malaysia’s largest peat dome, the Maludam
peninsula, are in the focus of this study. The catchment areas are 6558 km2 (Lupar) and
1943 km2 (Saribas), respectively [Lehner et al., 2006]. The Lupar catchment lies mainly
in Sri Aman division, which has a population of approximately 95,000. The Saribas basin
belongs largely to Betong division, with a population of approximately 110,000 [State
Planning Unit, 2012]. Major settlements along the Lupar river and estuary are the town
of Sri Aman (26,000 inhabitants) and the villages Lingga and Sebuyau (Fig. 6.1b). Along
the Saribas river and estuary, important settlements are Betong, Pusa and Beladin. In
both catchments, there is cultivation of oil palm (Fig. 6.1b).
Sampling on the Lupar and Saribas estuaries took place during two campaigns in June
2013 and March 2014. Our sampling strategy is described in Müller et al. [2015b]. In
that study, we estimated the discharge of the Lupar and Saribas river to be 490 m3 s−1
and 160 m3 s−1, respectively. We also showed that precipitation during June 2013 and
March 2014 did not deviate much from the historical average, so that we considered the
measurements in June 2013 representative of the dry season and those in March 2014
representative of the wet season. We refer to the two cruises as "MLD dry" and "MLD
wet".
We complement this dataset with measurements taken during cruise SO218 with the
German research vessel Sonne (15-29 November 2011). The cruise started in Singapore
and went along the Sarawakian coastline to end in Manila, Philippines (see Fig. 6.1a).
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Figure 6.1.: Map of the study area showing (a) the location of Sarawak on the island of
Borneo and the cruise track of the RV Sonne in November 2011 (SO218). (b)
Close-up map of the Lupar and Saribas estuaries, enclosing the Maludam
peninsula, showing the major settlements along the rivers and estuaries.
Peat areas are indicated by the dark grey area, oil palm plantations as of
Center for International Forestry Research (CIFOR) [2014] are shown in red.
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It was targeted to investigate trace gas emissions in the tropics with special focus on
their contribution to stratospheric halogens within the European project SHIVA (Strato-
spheric halogens in a varying atmosphere). Here, we report exclusively on the N2O and
CH4 measurements that were performed in the coastal ocean off northwestern Sarawak
(latitude <2.5, 110.5<longitude<111.5) in order to complement our dataset from the
Lupar and Saribas estuaries.
6.2.2. Water chemistry
In the Lupar and Saribas estuaries, water samples were taken from approximately 1 m
below the water surface. Samples for DOC were filtered (pore size 0.45 µm) and acidified
with 21 % phosphoric acid until the pH had dropped below 2. DOC concentrations were
determined by high temperature combustion and subsequent measurement of resultant
CO2 with a non-dispersive infrared detector (NDIR) (EPA method 415.1).
Inorganic nutrient samples were filtered through a Whatman glass microfibre filter
(pore size 0.7 µm), preserved with a mercuric chloride (HgCl2) solution and frozen
until analysis. Concentrations of NO−3 , NO
−
2 , NH
+
4 and orthophosphate (PO
3−
4 ) were
determined spectrophotometrically [Hansen and Koroleff, 1999] at wavelengths of 540
nm (NO−x , NO
−
2 , NH
+
4 ) and 880 nm (PO
3−
4 ) with an Alliance Continuous Flow Analyzer
(CFA).
Salinity was measured with a CastAway CTD at each station during the MLD cruises.
Additionally, we measured conductivity using a TetraCon 925 conductivity sensor. We
converted conductivity to salinity using the equations from Bennett [1976]. Dissolved
oxygen (DO) and pH were measured using a WTW Multi3420 with an FDO 925 oxygen
sensor and a SenTix 940 IDS pH sensor. During SO218, salinity and temperature were
measured continuously with a thermosalinograph.
6.2.3. Greenhouse gas measurements
Our setup during the MLD cruises is described in detail in Müller et al. [2015b]. We used
a Weiss equilibrator [Johnson, 1999] connected to an in-situ Fourier Transform InfraRed
(FTIR) trace gas analyzer. This instrument allows for the continuous and simultaneous
measurement of CO2, CH4, N2O, CO and δ13C in CO2 with high accuracy and preci-
sion over a wide range of concentrations [Griffith et al., 2012]. Dry air mole fractions
were retrieved from the spectra using the software MALT5 [Griffith, 1996]. The gas dry
air mole fractions were corrected for pressure, water and temperature cross-sensitivities
[Hammer et al., 2013]. The CO2 and CO data obtained from these measurements have
been published in Müller et al. [2015b]. Here, we report on the CH4 and N2O mea-
surements. The calibration was achieved by measuring a suite of secondary standards
ranging from 1.8 to 239 ppm CH4 and 324 to 3976 ppb N2O.
Water temperature in the equilibrator and in the water as well as ambient air tempera-
ture and pressure were monitored as described in Müller et al. [2015b]. Since the sample
air was dried before entering the FTIR analyzer, we corrected for the removal of water
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vapor [Dickson et al., 2007]. CH4 and N2O partial pressures were converted to molar
concentrations. N2O concentrations were calculated from N2O fugacity and solubility
(K0) according to Weiss and Price [1980]. CH4 was calculated from partial pressure
and solubilities were derived from the equations given by Wiesenburg and Guinasso Jr.
[1979]. The error associated with the FTIR retrieval is usually small. In ambient air,
the total uncertainty reported by Hammer et al. [2013] is 0.084 nmol mol−1 for N2O
and 0.25 nmol mol−1 for CH4, which corresponds to approximately 0.01 % and 0.03 %,
respectively. The larger source of uncertainty is a potentially remaining disequilibrium
between water and headspace in the equilibrator, which can cause an error of <0.2 %
for N2O and around 2 % for CH4 [Johnson, 1999].
On the RV Sonne, surface sea water was continuously supplied from the ship’s hy-
drographic shaft (moon pool) using a submersible pump. N2O and CH4 samples were
taken in triplicates, preserved with HgCl2 and analyzed in the lab using headspace equi-
libration and gas chromatography [Walter et al., 2006, Bange et al., 2010]. The average
of the three samples was calculated and data were discarded if the standard deviation
exceeded 30 % of the average value. For N2O, two additional data points were taken
from the surface N2O concentrations determined from depth profiles.
Atmospheric mixing ratios of N2O were taken from the NOAA/ESRL halocarbons in
situ program [Dutton et al., 2015] for the closest station in the northern hemisphere,
which was Mauna Loa. Atmospheric CH4 was derived from the NOAA/ESRL GMD
Carbon Cycle Cooperative Global Air Sampling Network [Dlugokencky et al., 2014].
The nearest station was Bukit Kototabang, Indonesia.
6.2.4. Flux estimation
In order to calculate N2O and CH4 fluxes (in nmol m−2 s−1) across the water-air interface,
we used the thin film model, which reads
F = kK0(pGaswater − pGasair), (6.1)
where k is the gas exchange velocity (m s−1), pGaswater is the partial pressure derived
from the equilibrator measurements (natm), and pGasair is the partial pressure of the
gas in air (natm). With regards to k, we used k600 values that were reported for the
Lupar and Saribas estuaries in Müller et al. [2015b]. In-situ k was calculated based
on the Schmidt numbers of CH4 and N2O, which relates the kinematic viscosity to the
diffusivity of the gas. Kinematic viscosity was calculated according to Siedler and Peters
[1986], the diffusivity of CH4 was calculated with the formula given in Jähne et al. [1987]
and the diffusivity of N2O was computed using Eq. 2 in Bange et al. [2001].
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6.3. Results
6.3.1. Inorganic nutrients
In the estuaries of Lupar and Saribas, salinity ranged from 0-30.6 in the dry season
and from 0-31.0 in the wet season. CH4 and N2O data are available for salinities of
4.3-26.5 (2013) and 6.9-26.4 (2014). For the coastal ocean off northwestern Sarawak,
N2O measurements covered salinities between 31.3 and 32.7 and CH4 measurements
between 32.2 and 32.7. The measurements of DO, pH, DOC, particulate organic carbon
(POC) as well as pCO2 and CO concentrations were performed in the Lupar and Saribas
estuaries and are described in Müller et al. [2015b]. DO saturation ranged between 63.6
to 94.6 % (2013) and 79.0-100.4 % (2014). At the same time, CO2 was supersaturated
with respect to the atmosphere, indicating that respiration of organic matter caused net
heterotrophy in the estuaries. DOC was mainly of terrestrial origin and highest in the
mid-estuary, because that is where the peatlands are located [Müller et al., 2015b].
The total DIN concentrations were already published in the above mentioned paper
as well. Here, we report the concentrations of the different inorganic nitrogen species
and concentrations of PO3−4 . Overall, the inorganic nutrient concentrations were quite
low, but locally enhanced. NO−3 ranged between 6.3 µmol L−1 and 36.3 µmol L−1 in the
dry season and between 2.8 and 17.9 µmol L−1 in the wet season. A maximum value
of 84.0 µmol L−1 was observed in 2013 approximately 20 km offshore in northwestern
direction from Sebuyau. There, an influence from the Lupar river plume, but also from
the close-by Sadong river was detectable, as indicated by the salinity (22.2).
NO−2 concentrations ranged between 0.1 µmol L−1 and 0.6 µmol L−1 in the dry season
and between <0.1 µmol L−1 and 2.3 µmol L−1 in the wet season. NH+4 ranged between
<0.1 µmol L−1 and 2.6 µmol L−1 in the dry season, whereas a maximum value of
8.0 µmol L−1 was observed at one station in the Lupar estuary. In the wet season,
NH+4 was higher, ranging between 0.2 µmol L−1 to 7.8 µmol L−1. However, overall, DIN
concentrations were higher in the dry season than in the wet season (Fig. 6.2a,b, Müller
et al. [2015b]).
On the Lupar river, we determined average DIN concentrations of 5.1 µmol L−1 (2013)
and 5.3 µmol L−1 (2014) upstream of the town of Sri Aman, which can be considered
unpolluted. On the Saribas river, a slightly enhanced value of 18.6 µmol L−1 (2013) was
measured at salinity 0 outside the town of Betong, so it cannot be considered unpolluted.
PO3−4 ranged between 0.1 µmol L−1 and 289.5 µmol L−1 in the dry season, with
most values lower than 0.7 µmol L−1 (Fig. 6.2a). The maximum PO3−4 concentration of
289.5 µmol L−1 was measured by the town of Sebuyau. In the wet season, PO3−4 was
overall higher, ranging between <0.1 µmol L−1 and 2.5 µmol L−1, with the exception
of a maximum value of 9.7 µmol L−1 on the Saribas tributary (Fig. 6.2d) (for median
values see Table 6.1). Nitrogen-to-phosphorus (N/P) ratios were mostly higher than the
Redfield ratio (N/P=16) with a few exceptions (Fig. 6.3).
Based on water discharges of 490 m3 s−1 (Lupar) and 160 m3 s−1 (Saribas) and the
median DIN and PO3−4 concentrations for these rivers, we estimated the total inorganic
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N and P export from these two rivers to the SCS. Together, Lupar and Saribas deliver
6086 tN and 684 tP to the SCS every year (Table 6.1).
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Figure 6.2.: Dissolved inorganic nitrogen (a+b) and phosphate concentrations (c+d)
measured during the 2013 (left) and 2014 (right) MLD campaigns.
Lupar Saribas Saribas tributary
dry wet dry wet dry wet
DIN (µmol L−1) 22.2 19.7 30.0 14.0 22.4 11.4
PO3−4 (µmol L−1) 0.3 1.6 0.3 0.9 0.2 1.0
N export (t yr−1) 4532 1554 n.d.
P export (t yr−1) 598 86 n.d.
Table 6.1.: Estuarine DIN and PO3−4 concentration medians for the spatial extent that
was covered in 2013 and the estimated inorganic N and P export to the South
China Sea.
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Figure 6.3.: N/P ratios measured in the Lupar and Saribas estuaries. The line indicates
the N/P ratio expected for phytoplankton (Redfield-ratio). MLD refers to
the cruise on the Lupar and Saribas estuaries in the dry and wet season,
respectively.
6.3.2. N2O
Atmospheric N2O in Mauna Loa averaged 325.15 ppb in November 2011, 326.26 ppb in
June 2013 and 327.08 ppb in March 2014. Using our records of ambient pressure, we
calculated the corresponding partial pressures and refer to these values when reporting
N2O saturations. N2O concentrations ranged from 6.9 nmol L−1 to 13.5 nmol L−1 in 2013
(corresponding to a saturation of 103 to 184 %) and from 6.3 nmol L−1 to 34.1 nmol L−1
in 2014 (93 to 592 % saturation). Most of the time, N2O was close to atmospheric
equilibrium. However, local enhancements were observed: In both seasons, the Saribas
tributary exhibited markedly higher N2O concentrations than the Saribas main river
(Fig. 6.5a,b). This could only partially be attributed to decreasing salinity (Fig. 6.4c).
By the town of Sebuyau at the Lupar river mouth, where the Sebuyau river flows into
the SCS, N2O was enhanced as well and reached concentrations of up to 116.8 nmol L−1
in the wet season (not shown in Fig. 6.4, 6.5). Interestingly, the data measured during
the SO218 cruise in 2011 reveal enhanced N2O concentrations offshore (see Fig. 6.4c),
with a median of 13.0 ± 7.0 nmol L−1 (218 ± 119 % saturation).
In the estuaries, enhanced N2O was found in the same locations in the wet and dry
season (i.e., Sebuyau and the Saribas tributary, Fig. 6.5a,b), but with overall higher
levels (Table 6.2). N2O showed a weak positive but insignificant relationship with DOC
(Fig. 6.4a), but it was not correlated with DIN (Fig. 6.4b), NO−3 , NH
+
4 (not shown) or
DO (Fig. 6.4d).
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During the dry season, we found no link between N2O concentrations and tidal varia-
tions. In the wet season, however, N2O exhibited slightly higher concentrations during
low tide and its spatiotemporal variation resembled that of CH4 (Fig. 6.6b).
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Figure 6.4.: Relation of nitrous oxide concentrations with (a) dissolved organic carbon
(DOC), (b) dissolved inorganic nitrogen (DIN), (c) salinity and (d) dissolved
oxygen (DO). MLD refers to the campaigns on the Lupar and Saribas estu-
aries in the dry and wet season, respectively, SO218 denotes data from the
RV Sonne cruise.
6.3.3. CH4
Atmospheric CH4 averaged 1841.64 ppb in November 2011 and 1798.64 ppb in June
2013. Data from NOAA/ESRL were not available for March 2014. We estimated an
atmospheric CH4 of 1879.35 ppb from the value reported for March 2013 and an an-
nual growth rate of 4 ppb between 2004-2013 at Bukit Kototabang. Dissolved CH4
ranged from 5.2 nmol L−1 to 59.8 nmol L−1 in 2013 (228 to 2781 % saturation) and
from 2.0 nmol L−1 to 134.5 nmol L−1 in 2014 (88 to 5896 % saturation) in the Lupar
and Saribas estuaries and was spatially variable. It was highest in the Saribas estuary
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Figure 6.5.: Dissolved N2O (a+b) and CH4 (c+d) concentrations measured during the
2013 (left) and 2014 (right) MLD campaigns.
during the dry season and on the Saribas tributary during the wet season (Fig. 6.5c,d;
Table 6.2). It was not correlated with salinity (Fig. 6.7c), suggesting that freshwater
input is not the major source of CH4 in these estuaries. A relatively low marine end-
member concentration was determined during the SO218 cruise: With a median of 3.6
± 0.2 nmol L−1 (180 ± 9 % saturation), CH4 concentrations in the coastal ocean were
moderately enhanced in comparison to the atmospheric equilibrium concentration (see
Table 6.2).
CH4 was not correlated with DOC (Fig. 6.7a), DIN (Fig. 6.7b), DO (Fig. 6.7d) or
suspended particulate matter (not shown). Likewise, the comparison between dry and
wet season was inconclusive. One striking feature, though, was that CH4 showed a
strong response to the tides (Fig. 6.6). This is visible for most of the data, although we
changed location during the measurements. Tidal and spatial variations are overlapping
in Fig. 6.6, but the tidal variation seems to be dominant. This is confirmed by one
stationary measurement that we conducted over night at one station on the Saribas
tributary in 2014 (Fig. 6.6b). CH4 peaked 4-fold during low tide if compared to the
concentration level at high tide.
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Lupar Saribas Saribas tributary
dry wet dry wet dry wet
Concentrations (nmol L−1)
N2O 7.3 ± 0.3 7.2 ± 1.0 8.1 ± 2.5 8.7 ± 3.2 12.3 ± 1.5 11.9 ± 4.3
CH4 19.2 ± 11.5 13.5 ± 20.3 25.5 ± 15.9 12.2 ± 9.1 12.4 ± 17.6 64.0 ± 27.4
Saturations (%)
N2O 108 ± 1 109 ± 15 113 ± 26 126 ± 46 169 ± 19 169 ± 59
CH4 929 ± 520 614 ± 915 1116 ± 791 545 ± 395 554 ± 784 2786 ± 1198
SO218/ coastal ocean
Concentrations (nmol L−1)
N2O 13.0 ± 7.0
CH4 3.6 ± 0.2
Saturations (%)
N2O 218 ± 119
CH4 180 ± 9
Table 6.2.: Median N2O and CH4 concentrations and saturations in the Lupar, Saribas
and the Saribas tributary and in the coastal ocean ± one standard deviation.
Values for the estuaries are given for the spatial extent of the rivers that was
covered in 2013.
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Figure 6.6.: Time series of methane and nitrous oxide concentrations in the Lupar and
Saribas estuaries measured during the dry season (2013) campaign (upper
panel) and the wet season campaign (lower panel) and the water level as
predicted for Pulau Lakei (+1 h for Lupar and Saribas). Spatial, temporal
and tidal variations are overlapping in the Figure. One stationary measure-
ment, as recorded on the Saribas river in 2014, is denoted with the black
box. Note the discontinuous time axis in the lower panel.
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Figure 6.7.: Relation of methane concentrations with (a) dissolved organic carbon
(DOC), (b) dissolved inorganic nitrogen (DIN), (c) salinity and (d) dissolved
oxygen (DO). MLD refers to the campaigns on the Lupar and Saribas estu-
aries in the dry and wet season, respectively, SO218 denotes data from the
RV Sonne cruise.
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6.3.4. N2O and CH4 fluxes
Fluxes were calculated for the estuaries using Eq. 6.1. The resulting median fluxes are
listed in Table 6.3 for the spatial extent that was covered in 2013. Both the highest
N2O flux and the highest CH4 flux occurred on the Saribas tributary. During both
seasons, N2O fluxes from the Saribas tributary were one order of magnitude higher than
from the Lupar and the Saribas estuaries. Additionally, the CH4 flux observed in the
Saribas tributary during the wet season was approximately five times higher than those
measured on Lupar or Saribas during any season.
Using the estimates for the wet and dry season, respectively, we estimated the an-
nual areal flux for the Lupar and Saribas estuaries and for the Saribas tributary (sum-
marized in Table 6.3). N2O fluxes were low for Lupar and Saribas, amounting to
1.3 ± 0.3 mmol m−2 yr−1 and 1.9 ± 1.6 mmol m−2 yr−1, respectively. The N2O flux from
the Saribas tributary was one order of magnitude higher with 12.1 ± 7.5 mmol m−2 yr−1.
Annual CH4 fluxes were similar for the Lupar and Saribas estuaries, with 31.8 ±
7.6 mmol m−2 yr−1 and 22.0 ± 18.3 mmol m−2 yr−1, respectively. The CH4 flux from
the Saribas estuary was higher with 89.2 ± 55.2 mmol m−2 yr−1.
We used the estimate of Müller et al. [2015b] for the estuarine surface area of Lupar
and Saribas, respectively, to calculate the total N2O and CH4 fluxes from the estuaries.
Note that we did this calculation only for the Lupar and Saribas and not for the Saribas
tributary. We estimated that 4 ± 1 t N2O-N and 84 ± 24 t CH4-C are emitted from
the Lupar estuary each year. Emissions from Saribas amounted to 3 ± 2 t N2O-N yr−1
and 27 ± 24 t CH4-C yr−1 (Table 6.3). For nitrogen, we compared this estimate to one
we derived using the DIN export and the emission factors for estuaries summarized in
Mosier et al. [1998] and the one suggested by Beaulieu et al. [2011]. Using emission
factors, we obtained 11-34 t N2O-N yr−1 for the Lupar and 4-12 t N2O-N yr−1 for the
Saribas estuary, which is much higher than our emission estimates.
6.4. Discussion
6.4.1. Spatial distribution of inorganic nutrients
Classical blackwater rivers usually have very low nutrient concentrations [Kselik and
Liong, 2004, Alkhatib et al., 2007, Irvine et al., 2013]. The Lupar and Saribas estuar-
ies have several blackwater tributaries [Kselik and Liong, 2004, Müller et al., 2015b],
and 30.5 % and 35.5 % of their catchments are covered by peat [Müller et al., 2015b].
Therefore, rather low nutrient concentrations were expected in these estuaries. How-
ever, several villages and smaller towns are found along the shore of both estuaries, and
there is cultivation of sago and oil palm in the catchments. Thus, an anthropogenic
enhancement of nutrient concentrations was anticipated.
Estuarine DIN concentrations were higher than in the unpolluted freshwater end-
member of the Lupar river, indicating that the estuary is slightly eutrophic. This eu-
trophication can be attributed both to the release of DIN during respiration of organic
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Lupar Saribas Saribas tributary
dry wet dry wet dry wet
k600 (cm h−1)
k600 20.5 ± 4.9 13.2 ± 11.0 23.9 ± 14.8
Areal fluxes (nmol m−2 s−1)
N2O 0.04 ± 0.01 0.04 ± 0.01 0.04 ± 0.03 0.08 ± 0.07 0.39 ± 0.24 0.37 ± 0.23
CH4 1.19 ± 0.28 0.83 ± 0.20 0.95 ± 0.79 0.45 ± 0.37 0.81 ± 0.50 4.84 ± 3.00
Annual areal fluxes (mmol m−2 yr−1)
N2O 1.3 ± 0.3 1.9 ± 1.6 12.1 ± 7.5
CH4 31.8 ± 7.6 22.0 ± 18.3 89.2 ± 55.2
Total fluxes (tN yr−1 and tC yr−1)
N2O 4 ± 1 3 ± 2 n.d.
CH4 84 ± 24 27 ± 24 n.d.
Table 6.3.: k600 values and median N2O and CH4 areal and total fluxes from the Lupar,
Saribas and the Saribas tributary. The uncertainties relates to the maximum
variability of the k600 value. Values are given for the spatial extent of the
rivers that was covered in 2013.
matter, which was shown to be pronounced in the Lupar and Saribas estuaries [Müller
et al., 2015b], and to anthropogenic input. Strikingly enhanced inorganic nutrient con-
centrations were observed close to the town of Sebuyau at the Lupar river mouth and
clearly suggest anthropogenic point sources. As indicated by the enhanced nitrate con-
centrations offshore, these inputs are still detectable several kilometers away from the
original source. Organic matter decomposition and anthropogenic inputs were identified
as important sources of inorganic nutrients in the Siak river, a eutrophic blackwater
river in central Sumatra [Baum and Rixen, 2014]. Conformably, the DIN and PO3−4
concentrations we found in the Lupar and Saribas estuaries are similar to those reported
by Baum and Rixen [2014].
Eutrophication can lead to enhanced estuarine primary production and consequently
to hypoxia. The N/P ratios indicate that phosphorous might have limited primary
production in some cases (N/P»16). However, we think that the main factor limiting
primary productivity was the high turbidity of the estuaries, limiting the light penetra-
tion depth. Oxygen depletion was thus mainly attributed to the respiration of terres-
trial organic matter [Müller et al., 2015b]. Nevertheless, oxygen depletion was relatively
moderate in the surface water. Since we did not measure oxygen profiles, we can only
speculate about the oxygen levels in the bottom water. The high gas exchange velocity
suggests that oxygen uptake from the air was rapid, and we think that the high turbu-
lence in the water promoted the distribution of oxygen in the water column, preventing
bottom waters from anoxia.
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6.4.2. N2O
N2O ranged mostly around atmospheric equilibrium, which is in line with other studies
in the tropics and subtropics [Richey et al., 1988, Zhang et al., 2010, Rao and Sarma,
2013]. Nevertheless, high N2O concentrations were reported for eutrophic and hypoxic
coastal waters in the western Indian continental shelf [up to 533 nmol L−1, Naqvi et al.,
2000] and for the Peruvian upwelling [up to 986 nmol L−1, Arévalo-Martínez et al., 2015].
Similarly, N2O concentrations in the subtropical Brisbane estuary were higher than in
the Lupar and Saribas (median concentrations between 7.2 and 12.3 nmol L−1), ranging
between 9.1 and 45 nmol L−1 [Musenze et al., 2014].
The low N2O concentrations in the Lupar and Saribas estuaries are not surprising.
Although these estuaries were slightly eutrophic, the DIN concentrations were still well
below the average for tropical non-blackwater rivers [Baum and Rixen, 2014]. For estu-
aries with low DIN concentrations, low N2O concentrations are expected [Zhang et al.,
2010]. Interestingly, enhanced N2O was measured offshore during cruise SO218. Either,
a source of N2O exists on the continental shelf, or the enhanced N2O concentrations
indicate some interannual variability: The SO218 cruise took place in 2011, while the
measurements in the Lupar and Saribas estuaries were performed in 2013 and 2014. Ul-
timately, the SO218 measurements were performed at the onset of the monsoon season,
so possibly, seasonal variability plays a role as well.
Since oxygen depletion was quite moderate in the Lupar and Saribas estuaries, ni-
trification is suggested as a likely source of N2O. This would be consistent with the
observation that both NH+4 and N2O were higher in the wet season. Possibly, NH
+
4 was
mobilized from the sediment pore waters during rain events [Barnes et al., 2006], leading
to enhanced nitrification and thus N2O production.
In the wet season, N2O showed the same spatial variations as CH4, which were linked
to the tidal cycle. This implies that CH4 and N2O had the same source, e.g., production
in the sediments or in tidal creeks. This would suggest denitrification under suboxic
conditions as a source of N2O. N2O undersaturation was observed during the wet season
as we passed some shallow drainage canals on the Saribas river. N2O undersaturation
can be attributed to denitrification as well [LaMontagne et al., 2003, Bange, 2008].
The local enhancement of N2O, as observed on the Saribas tributary and at the Se-
buyau river mouth, did not coincide with enhanced NO−3 , NO
−
2 , NH
+
4 or PO
3−
4 . This
suggests that anthropogenic inorganic nutrients are not responsible for the enhanced
N2O production. This statement has some quite important implications, because it is
usually believed that N2O can be directly inferred from DIN concentrations: The use of
emission factors is based on this very strong assumption (see discussion below).
The fact that enhanced N2O was found in the same place during both MLD campaigns
suggests a localized source in the vicinity of the Saribas tributary. The most obvious
candidate for a point source is anthropogenic, i.e. sewage. However, it is striking that
nutrients were not enhanced in the same way. Due to bad resolution, we could not
identify any creeks on satellite maps, but we saw intertidal creeks along the shore of
the Saribas tributary from the boat. Possibly, the conditions in these intertidal creeks
were suitable for N2O production, which would also explain the response of N2O to tidal
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variations.
6.4.3. CH4
Similar to N2O, CH4 concentrations were relatively moderate. For example, while
CH4 concentrations in the partially hypoxic Pearl river estuary ranged between 23 and
2984 nmol L−1 [Chen et al., 2008], median CH4 concentrations in our study area varied
between 4-64 nmol L−1. The Pearl river estuary might be an example for extraordi-
narily high estuarine CH4 levels. However, CH4 concentrations in our study area still
appear moderate if compared to other studies in subtropical and tropical estuaries. The
CH4 concentration range reported by Musenze et al. [2014] for the Brisbane estuary,
Australia, was substantially higher (31-578 nmol L−1) than in this study, although both
the DOC concentration range and the DO saturation range were similar. This is a little
surprising, since the peat-draining tributaries are extremely oxygen-depleted and rich
in organic carbon [Müller et al., 2015a]. One would expect quite high CH4 production
under these conditions. However, since CH4 is a poorly soluble gas, it is likely that a
large fraction is released to the atmosphere before reaching the estuary and the coastal
ocean, as indicated by the SO218 measurements.
In the estuary itself, methanogenesis is probably inhibited 1) by salt intrusion and
2) by the strong tides, which frequently stir up the sediment, allowing for reaeration of
the sediment. This would explain the moderate CH4 concentrations. Though moderate,
CH4 concentrations were consistently above atmospheric equilibrium, so a source of CH4
must exist in the vicinity of the estuary. This source is indicated by the strong response
of CH4 to the tides. Firstly, CH4 is released from the sediments when the hydrostatic
pressure drops during falling tide. Secondly, similar to N2O, intertidal sediments and
tidal creeks are proposed as a source of CH4 in these estuaries. The importance of tidal
creeks [Middelburg et al., 2002] and tidal pumping [Barnes et al., 2006, Borges and Abril,
2011] for CH4 concentrations in estuaries is widely recognized.
6.4.4. N2O and CH4 fluxes
With the exception of the Saribas tributary (Fannual = 12.1 ± 7.5 mmol m−2 yr−1),
N2O fluxes were quite low (1.3-1.9 mmol m−2 yr−1) and towards the lower end of the
range reported for Indian estuaries (-0.4-5.2 mmol m−2 yr−1, Rao and Sarma [2013]).
CH4 fluxes (22.0-89.2 mmol m−2 yr−1) were within ranges reported for other tropical
sites: Koné et al. [2010] determined fluxes of 28.5-123.4 mmol m−2 yr−1 for stratified
lagoons of Ivory Coast; Shalini et al. [2006] report fluxes of 19.7-102.2 mmol m−2 yr−1
for Pulicat lake, India; and Biswas et al. [2007] measured CH4 fluxes between 0.7 and
49 mmol m−2 yr−1 in the estuaries of the Sundarban mangrove ecosystem.
However, we caution that the comparison suffers from the different approaches to de-
termining the gas exchange velocity k. Koné et al. [2010], Shalini et al. [2006], Biswas
et al. [2007], Rao and Sarma [2013] used empirical equations relating k to wind speed,
while we used estimates based on floating chamber measurements. We refer to our dis-
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cussion in Müller et al. [2015b], where we showed that our estimates derived by floating
chamber measurements yielded higher values than if we had used empirical relation-
ships with wind speed. We argued that floating chamber measurements offered a better
representation of the actual flux than gas exchange models that rely on empirical rela-
tionships with wind speed, which were initially derived for the ocean [Wanninkhof, 1992]
and do not consider current-induced turbulence as a driver of gas exchange. Musenze
et al. [2014] used empirical models for both the wind-related and the current-related gas
exchange velocity and added them to derive flux estimates for the Brisbane estuary. Not
surprisingly, the fluxes they report were much higher than in the aforementioned studies,
with 0.8-28.0 mmol N2O m−2 yr−1 and 7.5 to 636 mmol CH4 m−2 yr−1. Compared with
these estimates, the N2O and CH4 fluxes from Lupar and Saribas are quite low, which
is consistent with the lower N2O and CH4 concentrations as discussed above.
Note that the use of emission factors of Mosier et al. [1998] and Beaulieu et al. [2011]
for N2O led to a gross overestimation of the fluxes from the Lupar and Saribas estuaries.
The reason is obviously the missing link between DIN concentrations and N2O emissions
in the studied system. Although across estuaries, increasing DIN is associated with
increasing N2O [Murray et al., 2015], the relationship is not linear. This was shown
by Zhang et al. [2010], who found a polynomial relationship between DIN and N2O
across estuaries in different geographic locations. Emission factors, in contrast, suggest a
constant N2O/DIN ratio. Therefore, it is not surprising that for low DIN environments,
the use of emission factors leads to a considerable bias. This highlights the need of
accurate measurements to improve estimates of global N2O emissions from estuaries.
6.5. Conclusions
Overall, we found that the two tropical estuaries of the rivers Lupar and Saribas in
a peat-dominated region in Malaysia were moderate sources of N2O and CH4 to the
atmosphere. Inorganic nutrient concentrations were quite low, but slightly enhanced
if compared to tropical blackwater rivers. This weak eutrophication did not lead to
hypoxia, most likely because primary production was inhibited by a high turbidity. N2O
and CH4 were spatially variable and could not be predicted from the presented set
of environmental parameters. Specifically, no simple relationship existed with salinity,
indicating that N2O and CH4 sources exist in the estuaries and, for N2O, also in the
continental shelf sea. We conclude that measurements are still needed to advance our
understanding of N2O and CH4 dynamics in tropical coastal waters and to improve
global emission estimates. In the future, it is conceivable that these estimates are going
to be based on estuarine typologies, as it has been done for CO2 [Laruelle et al., 2013].
This would allow to distinguish systems in different environments and with different
hydrodynamics, which seemed to make a considerable difference for the N2O and CH4
dynamics in estuaries. With our study, we contribute data representing tropical tidal
systems with high organic carbon and low to moderate nutrients loads.
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7. Simulations of discharge and
dissolved organic carbon in two
Southeast Asian rivers using the
ORCHIDEE land surface model
This chapter presents additional results from a modeling study. Although it has the
structure of a manuscript, it is not in preparation for submission to a journal. However,
the contents are to contribute to mutual manuscripts with collaborators in the near
future.
Abstract
Recently, researchers have begun to integrate riverine carbon fluxes into global biosphere
models. In this chapter, simulations of both hydrology and dissolved organic carbon
(DOC) fluxes are presented, which were obtained using the ORCHIDEE land surface
model. These simulations are compared to measured data from one Malaysian and one
Indonesian river. Although a preliminary representation of riverine carbon was used,
the model simulated the order of magnitude of the carbon concentrations reasonably.
However, it failed to reproduce DOC in the peat-draining Siak river, Indonesia. Model
performance was improved by increasing the initial soil-DOC to a value representative
for tropical peat. Thus, it is suggested that a proper representation for peat in the soil
module is a requirement for the future development of the model with regards to its
adaptation for this important geographical region.
7.1. Introduction
The ORCHIDEE (Organising Carbon and Hydrology In Dynamic Ecosystems) land sur-
face model (LSM) simulates water, carbon and energy fluxes between the land surface
and the atmosphere at a global scale. It can be used both as a standalone LSM and as
a component of the Institut Pierre Simon Laplace Earth System Model (IPSL-ESM).
IPSL-ESM is used for global climate projections, which provided input to the Intergov-
ernmental Panel on Climate Change (IPCC) assessment reports of 2007 and 2013.
ORCHIDEE consists of two modules: a hydrological module and a carbon module
[Krinner et al., 2005]. The hydrological module is called SECHIBA and describes water
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and energy fluxes between the atmosphere and the biosphere [Krinner et al., 2005]. The
carbon module consists of the model STOMATE, which simulates phenology and carbon
dynamics in the terrestrial biosphere [Krinner et al., 2005]. The spatial resolution of
ORCHIDEE is determined by the resolution of the atmospheric forcing files and usually
between 0.5◦ and 2.5◦ for global simulations.
The ORCHIDEE river routing scheme, i.e. the transfer of water from land to ocean,
is described in Ngo-Duc et al. [2007]. Currently, the routing scheme is at 0.5◦ resolution.
Each grid cell represents a potential basin; at lower resolution, there can be multiple
basins (up to 7) per grid cell. Each basin is represented by three different water reservoirs,
which differ in terms of water residence time (slow, fast and stream reservoir). Inputs
into the slow reservoir stem from the bottom soil layer and are termed "drainage".
Inputs into the fast reservoir are derived from the upper soil layer and termed "runoff".
In this study, the reservoir of main interest is the stream reservoir, i.e. the volume of
water transported by rivers.
At each modeling time-step (1 day), the stream reservoir of each basin receives inputs
from upstream cells as well as from the slow and fast reservoirs within the cell (see
Fig. 7.1). For the same time-step, outflows from the stream reservoir to that of the
downstream cell are calculated proportional to the storage volume at the time-step and
a topographical index read from a forcing file which specifies the water residence time.
  
SOIL 
COLUMN
STREAM 
RESERVOIR
FAST RESERVOIR
SLOW 
RESERVOIRDRAINAGE
SURFACE RUNOFF
Figure 7.1.: Transfer of water between different reservoirs in the ORCHIDEE land sur-
face model. Figure was modified after Regnier et al. [2014, Fig. 2] and
Ngo-Duc et al. [2007, Fig. 1].
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Since hydrology is a major determinant of riverine carbon fluxes, a reliable description
of hydrology is an important prerequisite in order to extend the model to also account
for carbon transfer between land and ocean through rivers. Conceptually, DOC con-
centrations are thought to increase with discharge: At base flow, water enters the river
from the lower mineral soil horizon ("drainage" in ORCHIDEE), where DOC is absorbed
[Clark et al., 2008]. At high flow, water also runs through the upper, DOC-rich organic
layer ("runoff" in ORCHIDEE).
The implementation of these riverine carbon fluxes into ORCHIDEE is ongoing [Reg-
nier et al., 2014]. As a first approximation, DOC concentrations in the river can be
calculated by assigning fixed DOC concentrations to the different reservoirs (DOCrunoff
and DOCdrainage). With the water fluxes received from both reservoirs, DOC in the
stream reservoir is calculated as a mixture. Additionally, a fixed decomposition rate is
assumed, according to which a certain percentage of the riverine DOC is respired each
day. The default values used in this preliminary version of stream DOC are summa-
rized in Table 7.2. Currently, the river routing scheme is being coupled with the soil
carbon module (R. Lauerwald and B. Guenet, pers. comm.). This way, free DOC in
the soil can be modeled as well. In this study, the preliminary representation with fixed
concentrations was used.
7.2. Model configuration
Model grids and validation data
For the validation of river discharge in my study area, I chose two sites at which gauging
data from the Global Runoff Data Center (GRDC) as well as DOC measurements were
available:
1. Sungai Kamparkiri, Indonesia, which is close to the Siak river, which, in turn, has
been well documented in terms of DOC [Baum, 2008]. The Siak river is one of the
main rivers in Riau province, central Sumatra, Indonesia. It drains a catchment of
approximately 11500 km2, 45 % of which are covered by peat [Baum et al., 2007].
2. Batang Ai, Malaysia, which is one of the headwater streams of Batang Lupar, one
of the rivers that was studied in the scope of this PhD project (see Chapter 5, 6).
The available data and the chosen 1◦ x 1◦ grids are listed in Table 7.1. The location of the
rivers, the GRDC stations and the grids in the ORCHIDEE model are shown in Fig. 7.2.
For central Sumatra, G1 was used to compare discharge simulated by ORCHIDEE to
the data from GRDC. G2 was used to validate discharge and DOC concentrations in
the Siak river. In case of the Lupar river, all stations were within the same grid and no
distinction was necessary.
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Figure 7.2.: ORCHIDEE model grids and the locations of the sampling stations and the
GRDC stations for central Sumatra (a) and western Sarawak (b). Peat areas
are as of Nachtergaele et al. [2009].
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Grid Parameter Time Location Source
(◦N, ◦E) period
1.5, 111.5 Discharge 1985-2000 Lubok Antu (Ai) GRDC
DOC 2013-2014 Lupar Müller et al. [2015b]
0.5, 101.5 Discharge 1979-2009 Lipat Kain GRDC
(Kamparkiri)
DOC 2004-2006 Siak Baum [2008]
Table 7.1.: Data used for the model comparison.
Atmospheric forcing
The simulations presented in this chapter were performed using an offline version of the
ORCHIDEE model, i.e. the land surface model was forced by historic climate data.
Two sets of atmospheric forcings were used and compared in terms of their performance
in simulating discharge: (a) NCEP/NCAR Corrected by CRU (NCC) (http://dods.
ipsl.jussieu.fr/igcmg/IGCM/BC/OOL/OL/NCC/), which is available from 1948 to 2000
at a spatial resolution of 1◦ x 1◦ [Ngo-Duc et al., 2005] and (b) CRU-NCEP version 5.3
(http://dods.ipsl.jussieu.fr/igcmg/IGCM/BC/OOL/OL/CRU-NCEP/v5.3/onedeg/), which
is available from 1901-2013 at different spatial resolutions, the highest resolution being
0.5◦ x 0.5◦ [Viovy and Ciais, 2014]. For the comparison of DOC concentrations, CRU-
NCEP was used, because DOC data were only available for recent years (see Table 7.1).
ORCHIDEE initial parameter values
For the Siak, three simulations with differing initial parameter values were compared.
The first one (S1) used default parameter values (see Table 7.2). In the second one
(S2) and third one (S3), DOCrunoff was modified according to the results published
by Yule and Gomez [2008]. They report a DOC concentration in tropical peat soil of
5967-7025 µmol L−1. S2 corresponds to the lower end and S3 to the upper end of this
range (Table 7.2). In addition, the decomposition rate was adapted according to Rixen
et al. [2008].
Parameter S1 S2 S3 Reference
DOCdrainage (µmol L−1) 83 83 83 Yule and Gomez [2008]
DOCrunoff (µmol L−1) 833 5967 7025 Yule and Gomez [2008]
Decomposition rate (%) 5 8.7 8.7 Rixen et al. [2008]
Table 7.2.: Parameter values of three different ORCHIDEE simulations for the Siak river,
central Sumatra.
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7.3. Results and discussion
7.3.1. Hydrology
The agreement between measured and simulated discharge at Sungai Kamparkiri is rea-
sonable for both the NCC and the CRU-NCEP forcing files (see Fig. 7.3). While the
measured variability is well captured, high discharge events are, in general, systemati-
cally underestimated by the model. The average discharge of the Siak derived from the
model was 350 m3 s−1 for the time period 1979-2013 (G2). For comparison, simulated
discharge in 2004 was 386 m3 s−1, and the average discharge calculated from two es-
timates of Baum et al. [2007] for the same period was 371 m3 s−1. They measured a
discharge of 642 m3 s−1 and 99 m3 s−1 in March and September 2004, respectively. This
seasonal variation is also reproduced in the model (Fig. 7.4).
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Figure 7.3.: Discharge time series for Sungai Kamparkiri simulated with ORCHIDEE
and measured at the Lipat Kain gauging station: Difference between GRDC
and ORCHIDEE (a) and the whole time series (b) (monthly averages) [The
Global Runoff Data Centre (GRDC)].
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Figure 7.4.: Discharge of the Siak river as simulated by ORCHIDEE and measured in
2004 [Baum, 2008].
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Figure 7.5.: Discharge of Batang Ai simulated with ORCHIDEE and measured at the
Lubok Antu gauging station: Difference between GRDC and ORCHIDEE
(a) and the whole time series (b) (monthly averages) [The Global Runoff
Data Centre (GRDC)].
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For Batang Ai, the headwater stream of the Lupar river, discharge is systematically
underestimated by the model, but the measured variability is relatively well captured.
Due to the smaller size of this river in comparison to the Siak river, a poorer agreement
was expected. For the Lupar river, the annual average discharge derived from the model
simulation for the years 1985-2013 was 365 m3 s−1, which compares to the estimate in
Chapter 5 of 490 m3 s−1. In ORCHIDEE, the average daily rainfall between 1985-2000
for this grid is 9.6 mm, whereas the precipitation rate we used for our discharge estimate
in Chapter 5 was 10.7 mm d−1 (average 1980-2014). Additionally, evapotranspiration
may contribute to the observed bias in discharge, as the values for this process in the
model (5.0 mm d−1) and the estimate of Kumagai et al. [2005](4.2 mm d−1) differ by
0.8 mm d−1. This can be attributed to a poor representation of precipitation in tropical
regions in the atmospheric forcing. Guimberteau et al. [2012] showed that an adaptation
of the atmospheric forcings with local observational data improved discharge simulations
in the Amazon region. This was tested in the present study (not shown), but did not
improve model performance in this region, possibly because the available precipitation
datasets were still too scarce.
7.3.2. DOC concentrations and export
Simulated DOC concentrations in the Siak are underestimated with default parameter
values (S1, see Fig. 7.6). In S2 and S3, DOC concentrations are approximately four times
higher and in much better agreement with the measured data from Baum [2008]. Note
that in Fig. 7.6, both the measured values and the calculated freshwater end-members
from Baum [2008] are shown. Since S2 and S3 are based on the assumption that all runoff
flows through peat soil, the calculated freshwater end-member is the empirical data the
simulation compares to. The agreement between both S2 and S3 and the calculated
freshwater end-members of Baum [2008] is very reasonable, whereas the agreement with
S3 seems slightly better.
DOC concentrations are much more variable in S2 and S3 than in S1. This is due to
the fluctuations in runoff, which depends on daily rainfall. Although such fluctuations of
the DOC concentration are not typical for peat-draining rivers [Moore et al., 2011], they
are comparable to the scatter seen in the data of Baum [2008]. However, this scatter is
caused by a spatial variability of the DOC concentrations along the river, which is the
reason why the freshwater end-members are shown in addition.
The link between DOC and discharge is usually not as strong in peat-draining rivers
as in other rivers [Clark et al., 2008]. This is because in peat-draining rivers, water
enters the stream through the organic soil layer both during high and low flow [Clark
et al., 2008]. Enhanced runoff can even lead to a dilution of riverine DOC [Clark et al.,
2008, Müller et al., 2015a]. When fixed DOC concentrations are used for each reservoir,
it is implicitly assumed that DOC is only limited by transport. However, dilution at
higher discharges, as observed in peat-draining rivers [Clark et al., 2008], indicates that
there is also a source limitation, i.e. the amount of DOC that can be washed out at
a time is limited. It is conceivable that after coupling to the soil module, this source
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limitation will be accounted for, because the amount of DOC available in the soil will
be modeled as well.
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Figure 7.6.: DOC concentrations in the Siak river simulated by the ORCHIDEE land
surface model. The three simulations S1, S2 and S3 are shown and compared
to the data published in Baum [2008]. Meas. data refers to the measured
data and calc. EM to the calculated freshwater end-members.
For the Lupar, the default values were used (S1), because the sampling spots at salinity
zero were located upstream of the peatlands (see Chapter 5). With the default values,
the order of magnitude of the measured DOC concentrations is relatively well simulated
by ORCHIDEE (Fig. 7.7). Higher DOC concentrations during the receding monsoon
in March and lower DOC concentrations during the dry season in June are consistent
features of both the observational and model data.
Note, however, that seasonal variations cannot be properly validated with the available
data, because of the lack of continuous measurements. Nevertheless, the representation
of riverine DOC in ORCHIDEE seems promising even at this early stage of model
development. Seasonality of DOC concentrations in peat-draining rivers is clearly a
major challenge for the model that could be overcome by an adequate representation of
peat in the soil module.
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Figure 7.7.: DOC concentrations in the Lupar river simulated by the ORCHIDEE land
surface model (default values) for 2013 and measured DOC concentrations in
the Lupar river [Müller et al., 2015b]. Note that the March data points were
measured in 2014 and were only included in the Figure to get an impression
of the seasonality.
7.4. Conclusions
The hydrology of the two chosen Southeast Asian rivers is quite reasonably represented
in the ORCHIDEE model. This is an important prerequisite for simulating carbon fluxes
in these rivers. Even though the preliminary representation of riverine DOC was used,
the model simulated the order of magnitude of the DOC concentrations in the Lupar
river reasonably. However, it failed to reproduce the measurements of the peat-draining
river Siak, central Sumatra. For this river, the modification of the DOC concentration in
runoff to a value reported for tropical peat soil improved the model results substantially.
Thus, developing a proper representation for peat in the model is key to simulate carbon
export from rivers in this peat-dominated region.
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8. Conclusions
In this study, rivers and estuaries in Sarawak, Malaysia, were surveyed in order to
investigate if aquatic systems in Southeast Asia are relevant sources of GHGs to the
atmosphere. It was motivated by the disparity of the presumed importance of this
region for the global carbon cycle on one side and the scarcity of data on the other side.
In Chapter 4, the first data of dissolved CO2 and associated CO2 fluxes to the at-
mosphere from an undisturbed tropical peat-draining river, the Maludam river, were
presented. The river water contained large amounts of organic carbon, which was de-
rived from upper soil layers as suggested by radiocarbon dating. Measured against this
high organic carbon load, the CO2 flux to the atmosphere was actually quite moderate:
Areal fluxes ranged between 5.5 and 12.7 gC m−2 d−1, which compares to the average
for tropical rivers of 7.5 gC m−2 d−1 [Aufdenkampe et al., 2011]. Only 26 ± 15 % of
the carbon was exported via CO2 evasion, and the rest was transported downstream.
The short water residence time was identified as a main limiting factor. Organic carbon
derived from the PSF is swiftly transported to the estuary, so that this time constraint
limits its turnover and the release of GHGs to the atmosphere. It was suggested that this
might be true for most Southeast Asian peat-draining rivers, because most peatlands
there are located within 40 km of the coastline. Therefore, it seems that in their natural
state, peat-draining rivers are relevant, but moderate sources of CO2 to the atmosphere.
It turned out that not rivers but estuaries are the suspected hotspots of CO2 out-
gassing in Southeast Asia. The estuaries of the rivers Lupar and Saribas, which enclose
the Maludam peat dome, accounted for 80 % of the CO2 emissions from the aquatic
systems in the two catchments (see Chapter 5). While this can partially be attributed
to the large surface area, areal fluxes were only slightly lower than those measured on the
Maludam river, ranging from 2.5-8.9 gC m−2 d−1 in the mid-estuaries, which is clearly
higher than the global average for mid-estuaries of 1.2 gC m−2 d−1 [Chen et al., 2012].
These high estuarine fluxes are due to both a high gas exchange velocity, caused by
current- and wind-induced turbulence, and an enhanced efficiency of carbon processing
in the estuaries, causing relatively high levels of CO2 supersaturation. The processing of
carbon in the Lupar and Saribas estuaries was supported by a high oxygen availability,
owing to a large water surface area and high turbulence. Another potentially important
process was photochemistry, as indicated by a diurnal variability of CO concentrations.
Photochemistry can lead both directly and indirectly to CO2 production and to the
breakdown of organic molecules into compounds that are more readily available for het-
erotrophic consumers. OM decomposition under anoxic conditions was less important,
as indicated by low to moderate CH4 concentrations in the estuaries (Chapter 6). It was
expected that peat-draining rivers would turn out as sources of CH4 to the estuaries,
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because of the large amounts of OM and the low oxygen levels in blackwater rivers. How-
ever, in comparison to subtropical sites, CH4 concentrations in the Lupar and Saribas
estuaries were relatively moderate. CH4 dynamics were not so much driven by fresh-
water input but rather by tidal variations. Possibly, poorly soluble CH4 produced in
peat-draining rivers is ventilated to the atmosphere before the water mass reaches the
estuary. A CH4 hotspot could not be identified. However, CH4 concentrations were not
measured in the peat-draining freshwater end-member. On the one hand, peat-draining
rivers might exhibit high CH4 fluxes on an areal basis. On the other hand, they cover
only a small surface area; so the overall impact of blackwater rivers on CH4 fluxes to the
atmosphere remains to be investigated.
The transformation of OM in the estuaries and anthropogenic input of nutrients led
to a slight eutrophication of the Lupar and Saribas estuaries. These enhanced nutrient
levels, which were still low in comparison to tropical non-blackwater rivers, did not result
in enhanced N2O production (Chapter 6). This was surprising, since global estuarine
N2O emissions are commonly calculated from the DIN load via emission factors, which
are based on the assumption that both parameters are closely linked. In contrast, in the
Lupar and Saribas estuaries, N2O dynamics appeared to be somewhat disconnected from
DIN concentrations. It was shown that the use of emission factors led to a considerably
biased N2O emission estimate. A conceivable approach to a more accurate estimate
of both global estuarine N2O and CH4 emissions would be to derive them from the
combination of measurements and an estuarine typology, an approach that was already
made use of for CO2 [Laruelle et al., 2010, 2013].
One common uncertainty in all GHG emission estimates is the gas exchange velocity.
It is usually calculated from empirical relationships with wind speed. Most of these
equations were initially derived for the ocean, but are widely used for the ocean, estuaries
and rivers alike. In this study, those estimates were compared to a gas exchange velocity
derived from floating chamber measurements (Chapter 5). In agreement with other
studies, it turned out that empirical equations based on wind speed alone lead to much
lower gas exchange velocities than floating chamber measurements. This revealed one
important research need and a high uncertainty of current global emission estimates.
Although Southeast Asian rivers and estuaries might not be extraordinarily strong
sources of CO2 and other GHGs to the atmosphere, they are an important link in the
global carbon cycle. The paradigm shift that rivers are not passive conduits, but active
components of the global carbon cycle, did not only motivate numerous field surveys
in different regions of the world, but also prompted scientists to consider these active
components in earth system models (ESMs). In this study, a preliminary representation
of riverine carbon in the ORCHIDEE land surface model (LSM), which is a part of
the IPSL-ESM, was evaluated for an Indonesian and a Malaysian river (Chapter 7). It
turned out that the order of magnitude of the organic carbon concentrations is relatively
well simulated if non-peat areas are considered. However, the model failed to reproduce
DOC in a peat-draining river. What improved model performance was to increase the
DOC concentration in the water coming from upper soil layers to a value representative
for tropical peat pore water.
9. Outlook
In order to provide robust large-scale estimates of GHG emissions from Southeast Asian
rivers and estuaries, further studies in this region are required. It is deemed necessary
both to collect more data and to address specific questions, which, at present, still cause
some considerable uncertainty.
Reduction of uncertainties
(1) More data is certainly required from tropical peat-draining rivers. It was shown in
this study that they are not extraordinarily high sources of CO2, but no statement was
made about CH4 emissions from peat-draining rivers. Since hypoxic to anoxic conditions
prevail in these systems, together with a high availability of organic carbon, it seems
likely that tropical peat-draining rivers are relevant sources of CH4 to the atmosphere.
(2) In addition, more research is needed on seasonal and interannual variability of both
organic carbon and GHG fluxes in peat-draining rivers and their estuaries. In partic-
ular, discharge needs to be more accurately quantified. In this study, relatively rough
discharge estimates were used due to a lack of gauging stations in these remote areas.
Resolving details about the variability of discharge would reduce one major uncertainty
of the presented estimates of the lateral carbon flux. Moreover, a seasonal coverage is
also required for the GHG fluxes to the atmosphere. Although it was shown in Chap-
ter 5 that the differences between wet and dry season pCO2 and CO concentrations in
the estuaries were marginal, no such statement could be made for the Maludam river.
Additionally, one topic that needs to be addressed as well is the seasonal and spatial
variability of the gas exchange velocity, which is currently one major uncertainty in
global emission estimates.
Predicting the response of peat-draining rivers to anthropogenic
change using comparative studies
Another important remaining question is how carbon dynamics in peat-draining rivers
are going to change under anthropogenic pressure. As the degradation of tropical peat
swamp forest does not seem to decelerate, this is a very timely and relevant question.
Comparative measurements between disturbed and undisturbed sites have provided pre-
liminary answers [Moore et al., 2013, Evans et al., 2014]. They showed that organic
carbon in disturbed peat-draining rivers is older and exported in larger quantities if
compared to undisturbed systems. It is still unclear how this affects the CO2 emissions
from peat-draining rivers to the atmosphere. In order to address this question, compar-
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ative studies are required that do not only quantify the lateral carbon transport, but
also CO2 (and other GHG) fluxes.
Predicting the response of peat-draining rivers to anthropogenic
change using a numerical model
On larger time scales, we are still unable to predict the combined response of tropical
peatlands to both climatic and land use change in the future. Numerical models allow
both for the extrapolation to larger spatial scales and for the simulation of different
future scenarios. In Chapter 7, I showed that these efforts exist and that they are
promising on a regional and possibly on a global scale. The river routing scheme of
ORCHIDEE is currently coupled to a soil module. I suggested that the first step towards
a better representation of DOC in peat-draining rivers in ORCHIDEE would be to find
a representation for peat in the soil module. Subsequently, the simulated soil DOC
concentrations must be validated with field data. As this data is scarce, it is necessary
to collect peat cores in the region and to compare soil DOC profiles in the model to
measured data.
The next step would be to quantify the actual leaching of DOC from the peat column
to the river, both by further measurements and by adaptation of the model parameters.
At this stage, it could already be tested how different land use scenarios affect DOC
leaching and riverine DOC fluxes in Southeast Asia.
In the long term, it is conceivable that CO2 evasion from rivers is integrated into
ORCHIDEE as well. This is already work in progress, but there is still a long way to
go. Again, field experiments could help understand relevant processes, which include the
input of soil- and groundwater CO2, DOC decomposition rates, the impact of photo-
chemistry, photosynthesis and the riparian vegetation on riverine CO2 levels, the effects
of oxygen limitation and pH variability, and the spatial and temporal variability of the
gas exchange velocity.
Once lateral and vertical carbon fluxes from Southeast Asian rivers are integrated
into the model, different future scenarios with isolated or combined stressors (climate
change, agriculture, population) can be compared. The possible outcomes would be very
relevant not only for scientists, but also for policymakers, for example, the Roundtable on
Sustainable Palm Oil (RSPO) or the United Nations collaborative initiative on Reducing
Emissions from Deforestation and forest Degradation (UN-REDD).
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A.1. Headspace method
For the determination of CO2 in the water, a 600 ml flask was completely filled with
water. A headspace of ambient air was introduced afterwards by pouring half the water
out. The flask was then closed and the lid was connected to the CO2 analyzer. The
air was sampled from the headspace and pumped back into the water, forcing the air to
bubble through the water, which accelerated the equilibration process. The principle is
equivalent to that of headspace equilibration by shaking. Water pCO2 was calculated
according to
pCOwater,i2 ≈ pCOheadspace,f2 +
Vh
Vw
(pCOheadspace,f2 − pCOheadspace,i2 )/(K0RT ) (A.1)
where the indices i and f refer to initial and final pCO2 (atm), Vh refers to the headspace
volume and Vw refers to the water volume (in L). K0 is the solubility of CO2 in water
calculated according to Weiss [1974], and converted to units of mol m−3 Pa−1, R refers
to the universal gas constant (8.314 J mol−1 K−1) and T is the absolute temperature (in
K). The initial pCO2 was taken as the CO2 measured in ambient air directly before the
headspace equilibration measurement, the final pCO2 was the equilibrium pCO2 in the
headspace. This formula is a good approximation in an acidic environment, because at
a pH of 3.7-3.8, CO2 accounts for >99 % of DIC.
We are aware that the pH in the water may change when CO2 is removed from the
water, which is true for any method, where a discrete sample of water is brought to
equilibrium with a headspace. However, in this environment, the acidity of the water is
owed primarily to organic acids and not to carbonic acid, which is why we assume that
the pH change during equilibration is negligible.
A.2. Scaling factor for Contros data
The Contros HydroC CO2 Flow Through Sensor is only calibrated up to 1500 µatm
CO2. In lab experiments (December and March 2015, unpublished), we found that the
instrument is nonlinear outside this range and underestimates CO2 at high concentra-
tions. Therefore, we conducted additional headspace measurements in the field using a
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Figure A.1.: Sketch of the headspace equilibration technique used in this study.
10 L container and a 200 ml headspace and measured the equilibrium pCO2 with the Li-
820. The correction described in Section A.1 was not necessary, because the headspace
volume to water volume ratio is very small. We found that on average, the pCO2 was
underestimated by 9 % (Fig. A.2). Therefore, we scaled the Contros data with a factor
of 1.09. Note that this scaling factor is only appropriate for the concentrations measured
in the field (ca. 7500-9000 µatm).
A.3. Gas exchange velocity calculations
Equation Result (cm h−1)
k600 = ((V S)
0.89 ·D0.54 · 5037) · 100/24 25.6
k600 = (5937 · (1− 2.54 · Fr2) · (V S)0.89 ·D0.58) · 100/24 31.8
k600 = (1162 · S0.77 · V 0.85) · 100/24 6.8
k600 = ((V S)
0.76 · 951.5) · 100/24 6.8
k600 = (V S · 2841 + 2.02) · 100/24 11.1
k600 = (929 · (V S)0.75 ·Q0.011) · 100/24 7.3
k600 = (4725 · (V S)0.86 ·Q−0.14 ·D0.66) · 100/24 28.7
Table A.1.: Calculation of the gas exchange velocity with seven equations from Raymond
et al. [2012]. The k600 values are in the unit cm h−1. For the evaluation of
the equations, we used V = 0.22 m s−1, S = 0.00104, Q = 5.5 m3 s−1 and
D = 4 m. Fr = V
(gD)0.5
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Figure A.2.: Figure displaying the Contros data scaled and unscaled, respectively, and
the headspace measurements with the Li-820.
A.4. Carbon yield calculations
Parameter Formula Units
TOC yield TOCyield = Q · CTOC/A gC/m2 catch-
ment area/yr
CO2 yield CO2yield = Fg · 0.89% · A/A gC/m2 catch-
ment area/yr
% CO2 out-
gassing of
combined
yield
%CO2yield = CO2yield/(CO2yield+ TOCyield) %
Table A.2.: Calculations of TOC yield, CO2 yield and % CO2 of combined TOC+CO2
yield. Q refers to discharge, CTOC to the TOC concentration, A to the
catchment area, Fg to the flux in gC m−2 d−1.
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Parameter Variable Uncertainty estimate
TOCyield Q We used three ET estimates from the literature (see text)
and calculated three Q estimates from it. For our calcula-
tions, we used the average. The uncertainty is taken as the
largest deviation of a single Q value from this average.
CTOC We used the standard deviations of the 2014 and 2015 me-
dians as uncertainty.
A The HydroSHEDS have a spatial resolution of 30 sec, there-
fore, we used 1 km as spatial uncertainty and 1 km2 as
uncertainty of the catchment area.
CO2yield Fg For the flux, the uncertainty was calculated from the prop-
agation of the uncertainties associated with the gas ex-
change velocity (as represented by the standard deviation)
and the pCO2 (which was assumed to be 2.5 % according
to the headspace method).
0.89 % The stream coverage for Indonesia is, according to Ray-
mond et al. [2013], 0.73 %. The deviation of these two
values (0.16 %) was taken as uncertainty.
Table A.3.: Summary of the treatment of uncertainties when calculating the TOC and
CO2 yield.
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A.5. Radiocarbon age determination
Figure A.3.: Calendar age calibration curve (green) and probability distribution for
the calendar age of sample SGM02 (106.59 ± 0.32 pMC). Light blue
are one sigma intervals. The figure was generated using the post-
bomb calibration program CALIBomb [Reimer et al., 2004] (available at
http://calib.qub.ac.uk/CALIBomb/ (last access: 7/16/2015)) with the at-
mospheric radiocarbon timeseries from Reimer et al. [2013] and the bomb
curve extension NHZ3 [Hua et al., 2013]. It can be seen that two solutions
are possible: One before the main bomb peak and one after. We consider
the more recent sample age more likely, because the peat in our study area
is intact.
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B.1. Total organic carbon export
For the TOC export, we multiplied discharge with an assumed zero-salinity end-member.
We calculated the DOC and POC export slightly differently, the reasons are detailed in
the following.
Dissolved organic carbon export
Since we showed that the DOC in the estuary is a mixture of two different zero-salinity
end-members, we used the end-member calculated from the regression between DOC
and salinity in the estuary (DOCendmember). The standard error of the intercept was
taken as the uncertainty of this estimate. DOC was then multiplied with discharge.
DOCexport = DOCendmemberf1 ·Q, (B.1)
where f1 is a conversion factor (from µmol L−1 to g m−3) and Q is the discharge
(m3 yr−1).
Particulate organic carbon export
POC was not correlated with salinity, but exhibited maximum concentrations in the
mid-estuary. Calculating a POC export would actually require an estimate of how much
POC is deposited within the estuary. We do not have such an estimate. In order to
still get an order of magnitude, we used the median POC concentration (POCmedian)and
the standard deviation as uncertainty. The large standard deviation already reveals the
spatial heterogeneity, and it was more than 100 % for both Lupar and Saribas. Therefore,
the results for the POC export are very preliminary and require further investigation.
For the present study, we calculated the POC export according to
POCexport = POCmedianf1 ·Q. (B.2)
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B.2. Aquatic carbon dioxide emissions
In the following, we will describe how we calculated the emissions from the aquatic
systems in the Lupar and Saribas catchments. We will distinguish the total flux (unit:
TgC yr−1) and the areal flux (unit: mol m−2 yr−1). Since the areal CO2 emissions
accounted for more than 99.9 % of the combined CO2 and CO emission, we used only
the CO2 flux estimates for the presented calculations. This was more consistent, since
we are lacking such an estimate for the upper estuaries and rivers.
The Lupar and Saribas river plumes extend beyond the coastline. Since we delineated
the estuary by connecting the coastline (see below), we used only flux estimates for the
mid-and upper estuaries and neglected the estuarine surface area and flux of the outer
estuary.
Emissions from the mid-estuaries
In order to calculate the emissions from the mid-estuaries, the estuarine surface area was
required. The estuarine surface area was determined using ArcMap 10.1 (ESRI, USA).
The coastline was taken from the Global self-consistent Hierarchical High-resolution
Geography (GSHHG, Version 2.2.2, http://www.soest.hawaii.edu/pwessel/gshhg/)
at full resolution. The estuary was delineated by connecting the coastline at the river
mouth (Fig. B.1a). However, this shapefile did not contain the entire estuary. Therefore,
we used a second shapefile that displays water areas in Malaysia (from http://www.
diva-gis.org, see yellow areas in Fig. B.1a). A missing connection between the Lupar
estuary and this water area was manually inserted based on a satellite image taken from
Google Earth (see Fig. B.1b). The area of the different parts was determined and added
up to derive the estuarine surface area (Fig. B.1c).
The largest error that this method might introduce is caused by the extent that is
appointed at the river mouth. We estimated that by shifting the coastline connection by
1 km downstream, the estuarine surface area of the Lupar would change by 10 km2, which
corresponds to 4.5 % of the estimated value. Therefore, we consider a 5 % uncertainty
for our estimate of the estuarine surface area.
The total flux for the mid-estuary (ME) was calculated using
FME = FME,areal · f2 · A, (B.3)
where FME,areal is the average areal flux in the mid-estuary, f2 is a conversion factor
from mol m−2 yr−1 to gC m−2 yr−1, and A is the estuarine surface area (in m2).
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(b)
(a)
(c)
Figure B.1.: The figure depicts the three steps taken to derive the estuarine surface area
of the rivers Lupar and Saribas. (a) Coastlines were connected (red), the
water surface areas were added (yellow). (b) For the Lupar, the coastline
outline and the water areas were connected based on a satellite image. (c)
The combination of these fragments comprises the estuarine area.
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Emissions from upper estuaries and rivers
The emissions from the upper estuaries and the rivers were determined separately for
peat and non-peat areas. For peat areas, we used the peat coverage [Nachtergaele et al.,
2009] to determine the fraction of the catchment that is covered by peatlands. Then, we
assumed that 0.89 % of this area is covered by streams and rivers, according to the value
used by Raymond et al. [2013] for the COSCAT 1328. The areal flux for peat-draining
rivers was taken from a previous study on the Maludam peninsula [Müller et al., 2015].
The total flux from peat-draining rivers in the catchment was calculated as
Fpeat = Fpeat,areal · 0.89%fpeat
100
· A, (B.4)
where fpeat is the peat coverage in the catchment (30.5% and 35.5%, respectively).
Since our measurements for the upper estuary were conducted outside the peat area,
we consider these areal flux estimates also representative of the rivers that do not flow
through peatlands. The calculation is thus
Fnon−peat = FUE,areal · 0.89% · (1− fpeat
100
) · A (B.5)
The uncertainties for the fluxes FME,areal and FUE,areal are given in the main text.
They represent the uncertainty associated with the gas exchange velocity. For the
Fpeat,areal estimate, we referred to two estimates provided by Müller et al. [2015], cal-
culated the average and used the deviation of the single values from this average as
uncertainty estimate.
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